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Kurzfassung 
Das Hauptziel dieser Dissertation war die Verbesserung der Automatisierungsebene des 
indirekten Tiefdruckverfahrens. Eine Methode des indirekten Tiefdrucks, der 
translatorische Tampondruck, wurde in dieser Dissertation als eigenes Druckverfahren 
betrachtet. Diese Art des Druckens wird zum Bedrucken von 3D-Objekten mit 
konkaven und konvexen Oberflächen verwendet. Zum Beispiel kann es verwendet 
werden, um elektrolumineszente (EL) Paneles auf der gekrümmten Oberfläche eines 
Glases zu drucken. Im ersten Schritt dieser Arbeit wurde die Automatisierungsebene 
einer indirekten Tiefdruckmaschine verbessert. Hier wurde der Aufbau der indirekten 
Tiefdruckmaschine nach der Struktur eines mechatronischen Systems klassifiziert. Als 
Hardwarekomponenten der Steuereinheit wurden National Instruments CompactRio 
9074 und Kollmorgen AKD-Servoantriebe benutzt. LabVIEW und DIAdem wurden zur 
Steuerung des Prozesses und der Überwachung der Datenverarbeitung (online und 
offline) eingesetzt. Im zweiten Schritt wurde eine Automatisierungsentwicklung durch 
die Implementierung von Manufacturing Execution System (MES) und Computer 
Aided Engineering (CAE) erreicht. In diesem Fall wurde das Silikonkautschuk-
Materialmodell als hyperelastisches Material für unterschiedliche Härten gemäß 
Testergebnissen von einachsigen Zug-, Druck- und Planarversuchen für Härten von 3, 
6, 12 und 18 Shore A erreicht. Das Silikonkautschuk-Materialmodell wurde für 
verschiedene Härten verwendet, um Simulationen des Druckprozesses durchzuführen. 
Außerdem wurde auf Basis mathematischer Gleichungen die Tampongeometrie 
berechnet. Danach wurde erstmalig ein Tampon-Rechner zur Berechnung der Tampon-
Parameter programmiert. Es wurden ein Entwurfsverfahren für ein Tampon und ein 
kosteneffizientes Verfahren zur Formherstellung eines Tampons erarbeitet. Als 
innovative Methode wurde ein stereolithografischer 3D-Drucker zur Herstellung der 
Tampon-Formen verwendet. Diese Methode führte zu einer kosteneffizienteren 
Formvorbereitung und der Herstellung von einzigartigen Tampons entsprechend den 
Druckbedingungen. Des Weiteren wurde der Druckprozess in der Finite-Elemente-
Methode (FEM) Software ABAQUS simuliert. Dies soll die Optimierung der 
Druckparameter für unterschiedliche Druckbedingungen ermöglichen. Die Fähigkeit zur 
kosteneffizienten, individuellen Tampon-Produktion und zur Simulation des 
Druckprozesses führte zu einer Optimierung entsprechend der Druckbedingungen. 
Diese Merkmale führten zu einer Erhöhung des Automatisierungsgrads im indirekten 
Tiefdruck von Stufe 1 (vor dieser Arbeit) auf Stufe 3. 
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Abstract 
The main goal of this dissertation was an improvement in the automation level of the 
indirect gravure printing process. A type of indirect gravure printing with the name 
translational pad printing was considered in this dissertation as the printing process. 
This type of printing is used to print on 3D objects with concave and convex surfaces. 
For example, it can be used to print electroluminescent (EL) panels on the curved 
surface of a glass jar. In the first step, the automation level of the indirect gravure 
printing machine was improved. In this case, the structure of the indirect gravure 
printing machine was classified according to the structure of a mechatronic system. 
National Instrument CompactRio 9074 and Kollmorgen AKD servo drives were used as 
hardwares of control unit. LabVIEW and DIAdem software were applied to control the 
process and monitoring of data (online and offline), respectively. In the second step, an 
automation development was achieved according to implementation of manufacturing 
execution system (MES) and computer aided engineering (CAE). In this case, the 
silicone rubber material model as a hyperelastic material for different hardnesses was 
achieved according to test results of uniaxial tensile, compression and planar tests for 
hardnesses of 3, 6, 12 and 18 Shore A. The silicone rubber material model for different 
hardnesses was used to perform the simulation of the printing process. Mathematical 
equations of the pad geometry were calculated. Afterwards, a pad calculator to calculate 
the pad parameters was programmed for the first time. Also, a designing method of pad 
and a cost-efficient method for mold production of pad were described. As an 
innovative method, a stereolithografic 3D printer was used to prepare the pad molds. 
This method made the mold preparation more cost-efficient than before. So, this feature 
leads to manufacturing of unique pads according to printing conditions. Further, the 
printing process was simulated in finite element method (FEM) software ABAQUS. 
The simulation of the printing process helps to achieve suitable printing parameters for 
different conditions of printing. The ability of cost-efficient unique pad production and 
simulation of printing led to optimization of the printing process according to printing 
conditions. These features led to increase the automation level of indirect gravure 
printing from level 1 (before this thesis) to level 3.                    
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Notations 
Greek Symbols 
Symbol  Unit  Description 
Ɛa  (-)  Axial strain 
Ɛt  (-)  
Transverse strain to the corresponding for average of 
test results 
αi  (K
−1
)  Thermal expansion coefficients  
ϑ   (-)  Poisson’s ratio 
λ1, λ2, λ3  (-)  Stretch invariants 
μi  (Pa) Shear modulus  
σ (Pa) Stress 
σi
avg_test
 (Pa) Stress values in i
th
 element of strain 
σi
model 
 (Pa) Stress values in i
th
 element of strain for model results 
σi
test 
 (Pa)  Stress values in i
th
 element of strain for test results  
φ2 (deg) or (°) 
Angle between the plane located on side of the pad 
and a perpendicular plane to bottom plane of the pad  
Ω (r)  (-) Probability distribution of the molecular chain  
Ө2  (deg) or (°) Angle located on side of the pad  
 
Latin Symbols 
Symbol  Unit  Description 
a  (mm) Pad length   
A (mm) Length of the narrow part of test specimen 
A0 (mm
2
) Original cross-sectional area of a test specimen  
a1, a2, a3 (-) Nonlinear fitting function indexes  
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A1, A2, A3, A4  (mm) 
Coordinates of edges of the bottom plane of base 
segment of the pad  
b  (mm) Pad width   
B1, B2, B3, B4  (mm) 
Coordinates of edges of the upper plane of base 
segment of the pad 
c  (mm) Print area length  
Cij (-) Material parameters in strain energy function 
d  (mm) Print area width 
D2 (mm) 
Coordinate of an intersection point of the arc and 
surface segments of the pad  
Di (-) Compressibility factor 
e0 (J) Internal energy per unit reference volume 
F (N) Applied force 
G2 (mm) 
Coordinate of the highest point on arc segment of the 
pad 
h  (mm) Print area height  
H  (mm) Pad height  
HA (Shore A) Hardness 
I1, I2, I3  (-)  Strain invariants 
k  (Pa) Bulk modulus  
KB  (J⋅K−1) Boltzmann constant   
L  (mm) Total length of test specimen 
MSE  (-) Mean square error  
N  (-) Chain number in the unit volume 
N  (-) Polynomial order in strain energy function 
O  (mm) 
Coordinates of center on the bottom plane of base 
segment of the pad 
O′  (mm) 
Coordinates of center on the upper plane of base 
segment of the pad  
O″   (mm) Coordinate of the highest point of the pad 
R  (mm) Amplitude of  a point in a polar coordinate system 
R_d (mm) 
Displacement in amplitude of a point on the pad 
surface 
R_o  (mm)  Original amplitude of a point on the pad surface 
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RMSE  (-) Root mean square error  
R-squared (R
2
) (-) Coefficient of determination 
S0 (J⋅K
−1
) Entropy per unit reference volume 
SSreg  (-)  Summation of square errors  
SStotal  (-)  Sum of the square deviation around average 
T0 (K) Reference temperature 
Theta  (deg) or (°) Angle of  a point in a polar coordinate system 
Theta_d (mm)  Displacement in angle of  a point on the pad surface 
Theta_o (mm) Original angle of  a point on the pad surface 
TL (mm) Test length of test specimens 
TW  (mm) Test width of test specimen 
W (J) Strain energy function 
W (mm) Total width of test specimen 
Z  (mm)  Displacement in the Z direction  
 
Abbreviations 
Abbreviation Description 
2D Two dimensional 
3D Three dimensional 
ABAQUS 
A software suite for finite element analysis and computer-aided 
engineering, from Simulia 
ASTM Association for Testing Materials 
CAD Computer Aided Design 
CAE Computer Aided Engineering  
CAM Computer Aided Manufacturing  
cRIO  CompactRio 
DIAdem 
A software suite for locating, inspect, analyze and report on 
measurement data, from National Instruments 
DIN Deutsches Institut für Normung  
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EtherCAT Ethernet for Control Automation Technology 
FEM 
Finite Element Method , which is also referred to as finite element 
analysis (FEA) 
HLE High Level Error  
IDD 
Institut für Druckmaschinen und Druckverfahren (Institute of 
Printing Science and Technology), Technische Universität 
Darmstadt 
ISO International Organization for Standardization 
LabVIEW 
Laboratory Virtual Instrument Engineering Workbench is a system-
design platform and development environment for a visual 
programming language, from National Instruments 
LLE Low Level Error   
MES Manufacturing Execution System  
O_UI  Operational User Interface 
Poly Polynomial 
R_Poly Reduced Polynomial  
RTEI Real-Time Embedded Industrial  
RTV Room Temperature Vulcanized  
R-UI  Report User Interface 
SC_n 
Test specimen number “n” for uniaxial compression test with a 
hardness of “S” 
SP_n 
Test specimen number “n” for planar tensile test with a hardness of 
“S” 
SP_UI Set Point User Interface 
ST_n 
Test specimen number “n” for uniaxial tensile test with a hardness 
of “S” 
UI User Interface 
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1 Introduction 
1.1 Motivation 
By expanding the use of 3D printers, the importance of printing on 3D surfaces as a post 
process is increasing. Further, the request to print on non-smooth surfaces in different 
fields such as printed electronics is increasing which leads to growth of demand for 
printing on 3D surfaces.   
The indirect gravure printing is a printing process where a pad as a transferring part 
transfers the ink from a gravure printing form to a substrate. In some cases, it is 
mentioned as pad printing (Hahne, 2001; Kipphan, 2000). It is a fast and cost effective 
printing method. It is a suitable method to print on 3D objects with uneven surfaces and 
a large variety of object size. It is an appropriate method to print on the surface of 
mechanically sensitive objects (TampoCanada, 2018). The indirect gravure printing 
method has an acceptable accuracy and resolution of 20 µm to print high accurate 
electronic devices (Pudas et al, 2004). There is a unique feature in the indirect gravure 
printing, which can print a layer of ink with constant thickness all over the surface with 
preservation of the 3D objects surface topology. So, the structure of the surface will not 
be changed after printing (Hahne, 2001). The described abilitities of the indirect gravure 
printing method lead to use this method widely in different fields such as electrical 
devices, automotive industry, printed electronics, medical instruments and so on 
(Golovanov et al, 1996; Hahne et al, 2001; Hakimi Tehrani et al, 2016; Knobloch, 2003; 
Krebs, 2009; Levassort et al, 2006a; Merilampi et al, 2011; Sharp, 2013; Ye & 
Zengchao, 2011). 
Most of the scientific researches in the field of indirect gravure printing are related to its 
application to use in functional printing such as printing of solar cells or 
electroluminescent (EL) on different substrates. There is a lack of literatures especially 
scientific literatures in the field of its printing process and technology. So, there is a loss 
of scientific works in this area that should be covered with further scientific researches. 
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Level 0 to level 4 are five different automation levels to describe the automation 
condition of a process (Kiel, 2008; Robles et al, 2015; Xenos et al, 2015). The 
automation level of conventional indirect gravure printing process is located in a low 
level which is level 0 and level 1. According to the importance of this printing method 
in recent years which is widely used in scientific and research fields in different 
industries, the improvement of its automation level has an important role to get better 
results with more controllability of different printing parameters. Further, it leads to 
lower production costs and waste production. The role of automation improvement of 
the indirect gravure printing becomes more important when considering the expensive 
costs of raw materials in printed electronic devices or the reliability needed when 
printing biological or medical devices. Further, the repeatability of prints in different 
iterations with considering the control of the printing parameters in scientific researches 
are important issues that can be achieved by an automation improvement. So, there is a 
motivation to improve the automation level. 
Further than substrate structure, the parameters with the most effect on the printing 
process are the force of printing (pad), velocity, ink density and pad hardness (Ücüncü, 
2015). The parameters such as pad hardness and force of printing applied by pad relate 
to silicone rubber pad specifications. So, the silicone rubber pad specifications play an 
important role in the printing process with high priority in comparison with other 
printing parameters.  
There is a large amount of pads with different geometries, hardnesses and sharpnesses 
available on the market, but there is no scientific references about the calculation of 
their structure. For example, the companies Tampoprint, Morlock, and Tampo-Technik 
are introducing nearly 192, 570, and 984 different types of pads, respectively, and their 
hardness varies in a wide range (Lück, 2017b; Morlock, 2018; Tampoprint, 2018). 
Therefore, there is a huge number of options for selecting a pad from different 
companies and it is very hard to make a decision to choose a pad according to user 
demands. Because of that, an investigation of mechanical specifications of pads is 
important to detect the pad behavior in the printing process and choosing the suitable 
pad. 
Briefly, the general goal is the improvement of the indirect gravure printing automation 
level with a concentration in silicone rubber mechanical characteristics in the printing 
process. The mechanical characteristics of silicone rubber focus on the mechanical 
behavior of the silicone rubber pad during the printing process. As part of this 
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mechanical behavior, the pad surface displacement in different hardnesses and 
geometries (sharpness) will be discussed.       
1.2 Objectives 
In this dissertation, the general goal is the improvement of the indirect gravure printing 
automation level with a concentration on silicone rubber mechanical characteristics in 
the printing process. A pad, as part of the printing unit, has a duty of ink transferring in 
the printing process. The optimization and control of mechanical behavior of the pad 
affect on the optimization of the printing process which is one part of automation 
improvement in the indirect gravure printing process.    
According to this goal, two challenging questions arise in the mind. First, is it 
practicable to improve the automation level of indirect gravure printing in the described 
direction? Second, is it possible to investigate the mechanical behavior of pad in the 
printing process?  
To find the answer of the second question, the simulation of printing process will be 
used in this dissertation. To simulate the printing process some questions come up. 
What are the mechanical characteristics of the material of the pad (silicone rubber)? 
What is the geometry of the pad? Or how should the pad geometry and model be 
designed? The response to these questions makes it possible to simulate the printing 
process. The mechanical behavior of the pad can be investigated by use of the 
simulation results.  
1.3 Overview of the dissertation 
The chapters are structured according to the steps of improvement of the automation 
level of indirect gravure printing process.  
In chapter 2, the general information about indirect gravure pad printing and pad 
features are explained. Further, the classification of direct and indirect gravure printing 
and state of the art in the automation level of indirect gravure printing are described in 
this chapter. 
In chapter 3, the development of indirect gravure printing machine is presented. It is 
developed to improve the automation level of indirect gravure printing machines. In this 
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chapter, the printing machine structure is classified as a mechatronic system. Then, 
software, controller, actuators and sensors are developed in this structure.  
In chapter 4, the silicone rubber characteristics are explained. It is used in the simulation 
process to define the material properties. Here, the mechanical testing methods are 
described. Then, after explanation of measurement setup, the test results are achieved. 
Afterwards, the silicone rubber material model for different hardnesses are attained.  
In chapter 5, a method to design the pad geometry is presented for the first time. It is 
needed to design unique pads. Further, it is required in the simulation process to define 
the pad geometry as a part. The mathematical equations for designing a rectangular pad 
are calculated. Thereafter, they are applied to design four pads with different heights. In 
this chapter, a production method to manufacture molds of pads by use of 
stereolithografic 3D printer is explained. Then, the pads are manufactured. They are 
applied in chapter 6 to perform experiments and validation of simulation results.   
In chapter 6, the simulation of the indirect gravure printing process is described. The 
printing process is simulated to investigate the mechanical behavior of the pad with the 
goal of optimization of the printing process. Here, the printing process for four different 
pads with four different hardnesses are executed. The effect of the pad height in 
different hardnesses on the displacement of pad surface is considered as a case study in 
this chapter. Then, the role of simulation of the indirect gravure printing process for the 
improvement of automation level is explained. 
In chapter 7, the dissertation closes with a brief conclusion containing the scientific 
outputs. Here, the automation level improvement of printing process is summarized by 
considering the developments performed in this dissertation. Further, some ideas for 
future works as an outlook are explained.       
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2 Fundamentals 
The fundamentals contain the theoretical and basic issues of this dissertation. First, the 
state of the art in the indirect gravure printing with a focus on the classification of 
gravure printing technology, basics of translational pad printing and its automation level 
are described. Second, it concentrates on the silicone rubber pad used in indirect gravure 
printing. It elucidates the silicone rubber pad features which are the material, hardness, 
shape and surface tension.  
2.1 State of the art of indirect gravure printing 
In this part, a general description about gravure printing process is presented. Then, a 
translational pad printing process is described in detail as the printing method in this 
dissertation. Finally, current automation level of translational pad printing will be 
introduced as part of the state of the art of translational pad printing.   
2.1.1 Classification of gravure printing technology 
Gravure printing is a technology which a motif is engraved into the surface of a printing 
form (Kipphan, 2000). So, the name of this technology comes from the printing form 
structure. The gravure printing is divided into two types of direct gravure printing and 
indirect gravure printing.  
A gravure printing form transfers directly the ink to the substrate in the direct gravure 
printing. A rotogravure printing with a cylindrical printing form is introduced in 
(Kipphan, 2000) as a direct gravure printing technology.  
In the indirect gravure printing, the gravure printing form transfers indirectly the ink to 
the substrate by use of an intermediate carrier. The indirect gravure printing is divided 
into two types according to its intermediate carrier. They are gravure offset printing and 
pad printing which their intermediate carriers are blanket and pad, respectively.  
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There are different types of gravure offset printing such as soft blanket gravure offset 
printing or SBG (Izumi et al, 2018), roller gravure offset printing (Shen et al, 2017) and 
plate to plate gravure off set printing (Konami et al, 2017; Taik-Min et al, 2010).    
The pad printing can be divided to rotary pad printing (Kipphan, 2000), round pad 
printing (Micro Print, 2012) and translational pad printing. This classification is 
achieved according to the type of motion of a pad to transfer the ink on the substrate as 
an intermediate carrier. The motion of pad is rotational in the rotary and round pad 
printing process and the pad type is called roller type. The translational pad printing 
process executes with a translational motion of pad for ink transferring. In this case the 
pad types are classified into round, rectangular, saddle, longitudinal and special forms.  
The indirect gravure printing has a unique advantage in comparison with the direct 
gravure printing. It is its ability to execute the printing process without pressing the 
substrate against the hard gravure printing form (Pudas, 2002). It prevents damage to 
the surface of sensitive substrates.  
The different types of gravure printing can be used to print on planar substrates (Ga Eul 
et al, 2016; Konami et al, 2017; Pudas et al, 2004). The SBG gravure offset printing can 
be used to print on some types of non planar substrates (Izumi et al, 2018), while pad 
printing can be used to print on different types of non planar substrates such as concave 
or convex surfaces. So, the ability of printing on different types of non planar and 
curved substrates is the unique feature of pad printing process.     
The round pad printing is used to print around the substrate with a cylindrical geometry. 
The rotary type is useful to print on large quantities of substrates with special and 
similar forms. It is usually applied to print on moving substrates while the translational 
type is used for stationary substrates (Kipphan, 2000; Putnam et al, 1988). 
Table 2-1: The characteristics of three different pad printing types, the rotary, round and 
translational. It compares motion of printing parts in the rotary, round and translational pad 
printing methods during the printing process.  
Printing parts Rotary pad printing  Round pad printing Translational pad printing 
Pad Rotational motion Rotational motion Translational motion 
Printing form Rotational motion Translational motion Translational motion 
Substrate Translational motion Rotational motion Stationary  
State of the art of indirect gravure printing 
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Table 2-1 presents the motion of printing parts in the rotary, round and translational 
types of pad printing methods. The printing parts are pad, printing form and substrate. 
The pad and printing form motion in rotary type are rotational in two different 
directions and the substrate has a linear motion. In round pad printing type, the pad 
moves rotationally on the printing form and then transfer the ink on the substrate with a 
rotational motion. A printing around the substrate surface is performed by rotationally 
motion of the substrate during printing. In this case, the printing form table with a 
planar geometry has a translational motion. In the translational pad printing method, the 
pad and printing form motion are linear and translational. In translational type, usually, 
the substrate is fixed. This dissertation will focus on the translational pad printing 
between the described methods in above. In this dissertation, translational pad printing 
is called indirect gravure printing because translational pad printing is a type of indirect 
gravure printing.    
2.1.2 Basics of translational pad printing 
There are only a few ways to print on very rough substrates or substrates with concave 
or convex surfaces and it is still a challenge to print on complex 3D shaped surfaces. 
One possibility is the indirect gravure printing technique (Krebs, 2009).  
More than 200 years ago, hand transfer printing as the first generation of the indirect 
gravure printing method was used to print on plates and dinnerware for the first time 
(DECO, 2018). Later the first mechanical type of printing tool was used to print watch 
faces. Thereafter, the mechanical type of indirect gravure printing machine was 
developed for the first time to print the doll’s eyes (DECO, 2018).  
Figure 2-1 shows translational indirect gravure printing elements. The printing form, 
printing form table, doctor blade, ink cup, pad and substrate are displayed here. The 
printing form and pad motion directions during printing process are mentioned in the 
figure. Printing steps in the translational type of indirect gravure printing process will be 
described at the end of chapter 3.1 in detail.   
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Figure 2-1: The schematic illustration of a translational pad printing elements. The important 
elements of a translational type are doctor blade, printing form and pad. The arrows show the 
motion  direction of the pad and the printing form table during ink transferring. 
According to the type of ink system (inking unit), the indirect gravure printing is 
divided into open and closed systems which are presented in Figure 2-2. The open ink 
system is the classical  method of inking system. In this system the used solvents have a 
higher evaporation rate because of the direct contact of ink with the surrounding 
atmosphere. That leads to less control of the ink viscosity. In closed systems, the ink 
cup is completely sealed and the solvent evaporation rate is smaller compared to an 
open system (Hahne, 2001; Kipphan, 2000). 
 
Figure 2-2: The open (above) and closed (below) inking systems are presented here. In the open 
inking system, the ink in the ink container is in contact with the outside air of the ink container. 
A competitive advantage of indirect gravure printing that separates it from other 
methods of printing is its ability to print on substrates with high variation of shapes, 
roughness, fragility, thicknesses and dimension. For example, Figure 2-3 displays the 
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result of the indirect gravure printing method in the field of printed electronics to print 
electroluminescent (EL) films on curved surfaces with different mechanical features 
such as glass and conductive copper surfaces.  
 
(a) (b) 
Figure 2-3: The printed electroluminescent (EL) panels by the use of indirect gravure printing. (a) 
shows a printed EL panel on a curved surface of a glass jar. (b) shows a EL display in a capacitive 
sensor which was printed with an indirect gravure printing technology. The figures were presented 
in (Bodenstein, 2018; Bodenstein et al, 2018).  
Figure 2-4 shows the print results on different types of material with different 
mechanical features, like glass as a fragile and smooth substrate, stone as a very hard 
and rough substrate and 3D printed polylactic acid (PLA) parts. It is the practical 
advantage of indirect gravure printing in comparison with other methods to print on a 
wide range of 3D substrates. 
 
Figure 2-4: The samples with different mechanical features printed on by the use of indirect 
gravure printing. The substrates materials are fragile glasses with smooth surfaces, hard stones 
with very rough surfaces and 3D printed objects made of PLA. The printed elements are letters, 
logos, numbers, high accurate beakers marked lines and fine lines with different thicknesses.      
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In addition to usual cases, the indirect gravure printing is used in some unique fields. 
For example, to print 40 micrometers thick piezoelectric films on a cylindrically-
concaved substrate in the field of medical imaging (Levassort et al, 2006b; Li et al, 
2017) and print gas sensors (Golovanov et al, 1996) and flexible sensors (e. g. micro-
Fluxgate sensors) (Schoinas et al, 2017). Because of its unique abilities, indirect gravure 
printing gained a big part of the screen printing and hot stamping markets within the last 
50 years (DECO, 2018).       
2.1.3 Automation levels 
Automation has the goal of decreasing human’s role in the production process, to 
improve the process efficiency, and to decrementing the production losses, usually by 
the use of a process control system (Azolibe et al, 2015; Hakimi Tehrani et al, 2016). 
The use of automation in the production process optimizes manufacturing with lower 
cost, higher quality, increased accuracy in process, and shorter production time (Araújo 
et al, 2018). 
Figure 2-5 shows automation levels in an automation pyramid. There are four different 
levels in an automation pyramid.  
According to (Kiel, 2008; Robles et al, 2015; Xenos et al, 2015) the different levels of 
the automation pyramid are described in following. Level 0 is reached when the sensors 
and actuators are used to control the system. The system signals are processed and 
controlled in the field level (level 1). The process monitoring and interface issues are 
related to level 2 (cell level). In some cases, the level 0 till level 2 consider in the same 
level. Then, the dashed lines are used in Figure 2-5 to clarify this issue and make this 
model more comprehensive.  
Level 3 (plant level) is related to optimization of production processes by use of 
manufacturing execution system (MES) and Management information system (MIS). 
The production control and programming at a company level, such as enterprise 
resource planning (ERP) are performed at level 4.  
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Figure 2-5: The automation pyramid. There are four different levels in above automation pyramid. 
The automation levels start from level 0 (the lowest level) and can be developed till level 4 (Highest 
level). This figure is based on (Kiel, 2008; Robles et al, 2015; Xenos et al, 2015). 
Level 0 is the base level and level 4 is the top level. The method to reach higher levels is 
completely different in different processes and systems. In some cases, it is very hard, 
or impractical to get into a higher level.  
As described in (DECO, 2018; Micro Print, 2012), a hand transfer printing was the first 
type of indirect gravure printing machine to print on plates (more than 200 years ago). It 
was working without any sensors and actuators and it did not provide the preliminary 
necessities to get the level 0. So, the first generation of indirect gravure printing 
machine had no automation level (lower than level 0). Later, the first industrial type 
which was used to print watch faces was designed with mechanical parts such as 
springs. In this type, the human hand applied the force to move the pad axis, but it came 
back to the origin with spring force. So, it had no automation level. Afterwards, the first 
automated type was designed by use of actuators and pneumatic force to move the axes. 
Hence, it got the automation level 0. 
Nowadays, sensors, actuators and controller devices such as programmable logic 
controllers (PLCs) are used in most conventional indirect gravure printing machines. 
The controllers control the maximum position of the pad for printing (Micro Print, 
2014; Morlock, 2012; Tampoprint, 2014). Recently, a new type was designed with 
ability of speed control and save the set point values (Kuscharski, 2017). The new 
generation of indirect gravure printing machines reached the level 1 according to their 
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components. Because they do not monitor the printing process, their automation level 
was not increased to level 2 until now. 
2.2 Silicone rubber pad features 
In the indirect gravure printing method, a pad is an ink transporter from printing form to 
the substrate. The pad is an influential parameter in the indirect gravure printing process 
(Ücüncü, 2015).  
2.2.1 Current condition of pads 
Nowadays, there is a large amount of different pad types which are manufactured in 
different companies. For example, in the pad catalogue of Morlock company, more than 
570 different types of pads are listed and the hardness of each can be selected. Hardness 
variation reaches from 2 to 24 Shore A and their material color can be chosen between 
red and orange. So, only one single company offers more than 13680 different product 
options (Morlock, 2018). Tampoprint company offers more than 192 different types, in 
5 different hardnesses and 4 different materials. The total amount of pads is more than 
3840 options (Tampoprint, 2018). Tampo-Technik company have designed more than 
984 different pad types with hardness sets up to 25 Shore A (more than 12 different 
hardnesses) and 4 different materials. The total amounts of pads in Tampo-Technik 
company are more than 47232 different options (Lück, 2017b). It should be mentioned, 
the pad types and shapes vary in different companies. Usually, the dimensions of 
different companies pads are not equal. So, here the different material, hardnesses and 
shapes of pads are described and arranged to sort the structure of pad parameters.  
2.2.2 Design 
A pad is mounted on a base plate in its production process. The base plate material is 
aluminium or wood (Tampoprint, 2018). There is a hole in the base plate called pad 
fixture. The pad is assembled on the indirect gravure printing machine by means of a 
pad fixture. Figure 2-6 shows the elements of a pad.      
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Figure 2-6: The schematic illustration of pad elements.  
The inside of a pad can be completely full or can be designed with an internal hole. A 
pad with an internal hole is called hollow pad (Lück, 2017a).  
A top view of a pad form is called pad shape. The pad shape is affected by two 
important parameters. They are pad angle (from side to print area) and pad surface 
(Proell, 2014). Figure 2-7 (2) shows the pad angle (Ɵ), pad length (a), pad width (b), 
print area length (c), print area width (d). A pad surface is the surface over the print area 
(c and d) which was highlighted by orange color. The print area is related to the pad 
surface according to solid geometry. 
Different references and producers define their own names for pad types according to 
pad shapes, but all the concepts are the same. For example (Anon., 2014) says that all 
common pads types should be divided into cylindrical, square, linear or compound. 
According to this, a shape of a pad from top view is divided into round (circle) and 
rectangular shape as the most common shapes and also other formats. Generally, it can 
be concluded that the pad shape can be divided into five groups. They are called round, 
rectangular (and/or square), saddle (oval or fish belly), longitudinal and special form 
(such as keyboard form) (Lück, 2017b; Morlock, 2018; Tampoprint, 2018).  
The approximate distributions of different groups of pad shapes (rectangular, 
longitudinal, round, saddle and special forms) are nearly 34%, 32%, 18%, 8% and 8% 
(respectively) of total introduced pads in companies’ sales pitch. These values were 
approximately calculated according to distribution of different groups of pad shapes in 
(Lück, 2017b; Morlock, 2018; Tampoprint, 2018) companies’ sales pitch.  
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Figure 2-7 shows samples from different groups of pad shape. Usually, the group name 
comes from the pad base geometry. Also, it can be concluded that the longitudinal 
shape group is one of the other shape groups (usually rectangular) which extended in 
the horizontal direction in its design process and it can be ignored in the group 
assortment and the number of groups can be limited to four different groups.  
  
(1) round (2) rectangular 
 
(3) saddle 
  
(4) longitudinal (5) special form 
Figure 2-7: The samples from different groups of pad shape (Lück, 2017b). The pad shape is 
divided into five different groups. They are round, rectangular, saddle, longitudinal and special 
form which are clarified with (1), (2), (3), (4) and (5) numbers, here. The pad base and surface 
geometry lead to their group name. As an example, the pad surface (orange color), pad angle (Ɵ), 
pad length (a), pad width (b), print area length (c) and print area width (d) of a rectangular pad 
were highlighted in segment (2).   
The pad size is a parameter of the pad which gets affected by the pad shape. It has a big 
influence on print results. The pad size should be as large as possible and the print 
Silicone rubber pad features 
 
15 
 
results of bigger pad are more accurate, based on the experts' experience in the indirect 
gravure printing (Anon., 2014). It is recommended to choose pad dimensions at least 
10-20% greater than printing form motif (Anon., 2014).  
A pad which its surface is flatter than another, is more prone to electrostatic problems in 
the printing process. For example, in Figure 2-7, the pad surface in (4) is flatter than the 
pad surface in (1). So, more electrostatic problems can be observed when the pad in 
Figure 2-7 (4) is used to print in comparison with the use of the pad in Figure 2-7 (1). 
The electrostatic problem can be recognized as the ink spreads around of the printed 
image, which is called hair effect in print results in some cases. The electrostatic effect 
between the pad surface and ink causes this problem. More curvature in the pad shape 
can be one of the solutions to solve the electrostatic problem during print (Lück, 2017a). 
Sometimes, steeper pads need to be pressed more and it leads to displacement errors in 
the center (Lück, 2017a). In addition to above issues, it is important to mention that 
there are different limitations to select a pad such as maximum pad height, size and 
substrate material. 
The pad shape depends on the substrate’s shape. In the following, some of the 
experimental cases which are related to this issue are described. To print on the edge of 
a substrate, a tapered pad (very high hardness e.g. 18 Shore A) with bevel edge of 
nearly 45 degrees is suggested. For printing in a deep concave substrate, the pad 
diameter should become slightly smaller. To print ring shapes, the pad should be hard 
(e.g. 12 Shore A). In this case, the sides of the pad print the motif and the pad tip should 
not be sharp and a concave structure of the pad surface is preferred. Spherical substrates 
need round pads because of their symmetric shape. In this case, a pad with a cavity in 
the tip is suggested. A bigger pad which is soft or very soft should be selected. For 
structured substrates harder pads and sharper pads are more effective (Lück, 2017a).     
Recently, hollow pads were introduced to market. The hollow pads with longitudinal or 
transverse holes reduce the contact pressure on the substrate and thus additionally 
protect mechanically sensitive products. This type of pad is useful for strongly curved 
substrates, because of the hollow structure, the pad tip goes back easier and the pad 
behavior in printing seems the same as the pad behavior with lower hardness. This 
method is possible for different shape groups of pads (Lück, 2017a).    
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2.2.3 Material 
In the 18
th
 century, the pad material was gelatin (made from bone meal) to transfer the 
ink. Nowadays, the room temperature vulcanized (RTV) silicone rubber is used. 
(DECO, 2018; Lück, 2017a; Micro Print, 2012). Normally, the based silicone rubber 
and silicone oil get mixed to produce the pads. Manufacturers present pads with 
different hardnesses by unit of Shore A to distinguish between the different mixtures of 
the based silicone rubber and silicone oil. Shortly, the pad material is called silicone 
rubber with a Shore A hardness.  
Adding the silicone oil to silicone rubber raw materials before vulcanization decreases 
the hardness of the final product (silicone rubber) to a value less than the maximum 
hardness. Table 2-2 presents the relation of added silicone oil in final product hardness. 
In this case, the maximum hardness is 31 Shore A, and adding of silicone oil changes it 
to lower hardnesses. These data are related to a special product of Wacker company 
(Wacker, 2018) and is described here only as an example.     
Table 2-2: The example for effects of the silicone oil percentage on silicone rubber hardness 
(Wacker, 2018).  
Silicone oil (%) 0 30 50 70 100 120 
Shore A 31 14 8 4 1 0 
Some silicone rubber producers present two-component silicone rubber that vulcanizes 
at room temperature (Wacker, 2018). This type of silicone rubber after vulcanization 
without adding any silicone oil leads to a final product (silicone rubber) with a 
maximum Shore A hardness.  
Sometimes anti-static silicone rubbers are used to avoid static charging when the print 
results with normal pads are not suitable. It should be considered that the anti-static 
pads are not the unique solution to solve this problem. Other parameters such as 
humidity, ionized air, pad shape, ink viscosity and ink type effect on the static charging 
(Lück, 2017a).  
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2.2.4 Hardness Shore A 
Shore hardness, named after Albert Ferdinand Shore, is a unit to define the material 
hardness (Anon., 2018). It is mainly used for elastomers and rubber elastic polymers. It 
is directly related to the penetration depth. There are different types of Shore such as A, 
C and D. Shore A is suitable for soft rubber and Shore C and D are applied for 
elastomers and soft thermoplastics (Anon., 2018). There are ISO 868, DIN 53505 and 
ASTM 2240 standards to measure the hardness of materials. Their differences were 
described in (Anon., 2018). In this dissertation the ASTM D2240 standard (ASTM 
D2240, 2015) are used. Different methods of hardness measurement are described in 
ASTM D2240 (2015). The common measurement unit of pad hardness is Shore A. 
Figure 2-8 shows the hardness measurement device (Durometer) of type A. The 
indentor test height is 2.5 mm and the contact diameter is 0.79 mm. A spring connects 
the indentor to indicator. The spring calibration tolerance is ±1 Shore A. The described 
indentor should be pressed on a test specimen vertically. A sufficient pressure should be 
performed on the test specimen to create a firm contact. It is recommended to affix a 
load of 1 kg to the durometer to improve repeatability of measurements (ASTM D2240, 
2015). The load is used to become sure about the complete connection between a 
presser foot and the test specimen surface. So, Durometer is pressed on the 
measurement surface in perpendicular direction. Afterwards, this situation is kept 
constant for a while which is called holding time. A holding time of 1 ± 0.1 s is used to 
read the Durometer value. The holding time can be changed according to the agreement 
between supplier and user (ASTM D2240, 2015). It is recommended to select a test 
specimen with a thickness of more than 6 mm (ASTM D2240, 2015). The equation 
(2-1) shows the relationship between measured Shore A hardness (HA) and the applied 
force on the spring (F) during the test for the indentor type A. More detailed data about 
the test can be achieved in the ASTM D2240 standard (ASTM D2240, 2015).  
0.55
0.075
F
HA

  
(2-1) 
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Figure 2-8: The hardness measurement device (durometer) type A (ASTM D2240, 2015). The 
indentor shape and dimensions are clarified here. It is pressed vertically on the test piece to 
measure the Shore A hardness. The hand held gauge durometer is shown here.    
The pad hardness influences printing force and ink transferring to the substrate. Based 
on the experts' experience in the indirect gravure printing, usually, the print results of 
stiffer (harder) pads are more acceptable than others (Lück, 2017a). The pads with 
hardness ranges of 0 to 5, 6 to 11 and higher than 12  Shore A can be described as soft, 
medium and hard pads. A harder pad is more precise and a softer pad transfers more 
ink. The unit of hardness is Shore A that for very soft pads (less than 0 Shore A) is 
changed to Shore 00. For example 25 Shore 00 is considered as a very soft pad (less 
than 0 Shore A) (Lück, 2017a).  
But also the substrate features limit the selection of pad hardness. For example,  to print 
on a substrate with high grade of fragility the pad hardness must be less than the 
substrate with low fragility grade. Further, pad hardness selection has a relationship 
with substrate shape and roughness. For instance, softer pads (less hardness) are 
selected to print on sphere substrates, while harder pads are used to print on structured 
substrates. Consequently, it effects on ink transferring and print results (Lück, 2017a; 
Proell, 2014).    
2.2.5 Surface tension and wettability 
A low surface tension of the pad will effect on better ink transfer to the substrate (Hahne 
et al, 2001). The better ink transfer does not mean transfer more ink. It means getting 
the appropriate amount of ink from the printing form and transfer the achieved ink to 
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the substrate completely. A complete ink transferring by a pad, leads to a complete 
printing of a motif area on the substrate.  
The surface tension is directly affected by the amount of silicone oil in the pad. The 
surface tension is related to the percentage of silicone oil on the surface and its affect is 
investigated by contact angle of a liquid (e.g. water) on the pad surface (Hahne et al, 
2001).  
Beside the surface tension, the silicone oil effects the hardness of the pad, too. 
According to this issue, the diagram of pad hardness and surface tension changing in 
comparison with silicone oil percentage is shown in Figure 2-9.  
 
Figure 2-9: The influence of silicone oil percentage on hardness and surface tension of a pad. The 
solid line and dotted line relate to hardness and surface tension. The left and right vertical axes 
display the hardness and surface tension. These curves are experimental results described in 
(Hahne et al, 2001). 
According to the diagram in Figure 2-9, increasing of silicone oil percentage decreases 
the hardness. But the surface tension does not have such a linear behavior. Till adding 
nearly 20% silicone oil, no changes appears in the surface tension. Then, adding up to 
40% silicone oil increases the surface tension and augmenting more than this amount 
will slightly decrease the surface tension.   
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2.3 Hyperelastic material model of silicone rubber as a pad material 
The pad material is silicone rubber. Silicone rubber is a hyperelastic, isotropic and 
incompressible material with a relatively low elastic modulus and high bulk modulus 
(Amabili et al, 2016; Mansouri et al, 2017; Simulia, 2013b). In the following, the 
hyperelastic material model is described in detail.    
2.3.1 Hyperelastic material model 
The strain energy function is used to describe the constitutive model of silicone rubber. 
The strain energy function is divided into two general types of statistical 
(micromechanical) models and phenomenological models, which are described in 
(Fahimi et al, 2018; Steinmann et al, 2012) and an overview with relation to this work is 
given here. The statistical models come from the molecular network theories. So, the 
parameters of the statistical model describe the  molecular quantities. The most 
important statistical models are 3-chain, 8-chain, and unit sphere. The 
phenomenological models are described with strain or stretch invariants. The 
phenomenological model parameters are achieved by different material tests such as 
uniaxial tensile test, compression test and so on. The phenomenological models are 
functions of principal stretches or strain invariants. So, there are two general types of 
phenomenological models. The Ogden models are principal stretches formulated 
models and models such as Neo Hooke, Mooney-Rivlin, Yeoh, Arruda-Boyce and 
others are strain invariants formulated models (Steinmann et al, 2012) which will be 
described in 2.3.2. 
According to (Fahimi et al, 2018), the structure of statistical models in comparison with 
phenomenological models is too complicated to find the model parameters and closed 
form solution. So, the statistical model is usually not used to solve the numerical 
problems and the phenomenological models are more useful in this case. So, the 
phenomenological models are often used in finite element method (FEM) to solve the 
numerical problem for simulation of the hyperelastic material model.    
Hyperelasticity is a useful model to investigate the behavior of rubbers in the large scale 
deformation regime. Briefly, this model can be considered as a non-linear elasticity 
(Bergstroem, 2015).     
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The hyperelasticity model is defined as a function of strain energy. In this model, the 
Helmholtz free energy per unit reference volume (equation (2-2)) is considered as the 
energy function which is described in (Bergstroem, 2015) and here an overview with 
relation to this work will be given. Equation (2-2) describes the energy in parameters of 
internal energy per unit reference volume (e0), entropy per unit reference volume (S0), 
and reference temperature (T0). The entropy is the amount of energy in the system that 
is not changed to work. Equation (2-3) shows the entropy function which is calculated 
with statistical mechanics according to the molecular chain of material. It is related to 
the chain number in the unit volume (N), KB as a constant value 1.38∙10-23 J/K, and the 
microscopic configuration Ω (r) which is the probability distribution of the molecular 
chain end to end distance. Some works in the past (Flory & Volkenstein, 1969; Kuhn & 
Grün, 1942) describe the calculation methods of Ω. The entropy part of the energy 
function usually is used in the statistical (micromechanics) model of hyperelastic 
material with omitting of the internal energy (e0) effect, because links of the molecular 
chain model are rigid. So, in this case the applied energy and force only stretches the 
molecular chain to a special amount of the end to end interval. Similarly, in the 
phenomenological model because of the focus on the deformation of material in the 
large scale, the small amount of micromechanic model effects in the energy function is 
ignored (Bergstroem, 2015). Then, in the following, the entropy part of the energy 
equation (T0S0) is ignored.  
0 0 0W e T S   (2-2) 
0 BS NK ln     (2-3) 
Equations of this part are based on (Bergstroem, 2015) and other references (that are 
mentioned in the text). Equation (2-4) describes the Cauchy stress of thermoelastic 
materials which is a function of the temperature (T0) and the deformation gradient (F) 
(Bergstroem, 2015). The deformation gradient describes the current stretch 
configuration in comparison with the reference (initial undeformed) state. In this 
equation, the W(F,T0) is the Helmholtz free energy (strain energy) which is described in 
different forms and it will be discussed in details later. The parameter J is the Jacobian 
determinant which is calculated with the det [F], here. The parameter F
T
 is the transpose 
of F. 
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It is important to mention that the deformation gradient classifies the body deformation 
in different types. There are homogeneous, inhomogeneous, and isochoric deformations. 
In the homogeneous deformation, the deformation gradient does not change in different 
positions of the material. In the inhomogeneous deformation, the deformation gradient 
varies in different positions of the material. The deformation is isochoric or volume 
preserving when the deformation gradient determinant or J value is equal to one 
(Bergstroem, 2015).    
The Cauchy stress can be explained in the functional form of equation (2-5) according 
to right stretch tensor (U) and right Cauchy Green tensor (C). R is a rotation tensor. So, 
equation (2-5) is inserted into equation (2-4) to get equation (2-6) (Bergstroem, 2015).   
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Equation (2-7) describes the relationship between the Helmholtz free energy partial 
derivative of U and C. This theorem was clarified in (Bergstroem, 2015). The result of  
inserting equation (2-7) into equation (2-6) leads to equation (2-8).   
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(2-8) 
The energy function is a function of the principal stretch (equation (2-9)) or strain 
invariants (equation (2-10)). Equation (2-11) shows the general equation of the strain 
energy function. 
W is the strain energy function. 
1 2 3, ,    
are principal stretch invariants and 
1 2 3, ,I I I are 
strain invariants. The relationship between the strain invariants and the principal 
stretches is described in equations (2-12) - (2-14). Function 
1 2 3( , , ,...)f I I I  describes the 
incompressible part and ( ,...)g K  the compressible part which is a function of the bulk 
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modulus K. Because silicone rubber is an incompressible material function g becomes 
( ,...) 0g K  and 
3 1I   (Hoss & Marczak, 2010).  
1 2 3( , , )W W     (2-9) 
1 2 3( , , )W W I I I  (2-10) 
1 2 3( , , ,...) ( ,...)W f I I I g K   (2-11) 
Equation (2-15) explains the stress as a function of strain invariants. So, in this case the 
energy function of equation (2-10) is used to derive equation (2-15) from equation 
(2-8). 
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(2-15) 
The derivatives of invariants are described in the following equations (2-16) - (2-18).  
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According to equations (2-15) - (2-18), equation (2-19) is justifiable. By considering 
I3(F) = J and
 
I3(C) = J
2 
(Bergstroem, 2015), equation (2-20) is achieved.  
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Sometimes the deformation gradient of hyperelastic materials is separated into 
dilatational and distortional parts in finite element analysis. Dilatational part is related to 
volume change and distortional part is related to volume-conservation. The distortional 
operator is described in equation (2-21) and the “*” mentions to the distortional 
parameters. According to this issue, some parameters of equation (2-20) are presented in 
equivalent distortional parameters in equation (2-22) - (2-25). So, equation (2-26) 
explains the stress as a function of distortional invariants which can be organized to 
equation (2-27). Some energy functions are independent to an I2
*
 invariant, in this case 
equation (2-28) clarifies the stress function. The deviatoric operator definition is 
described in equation (2-29).      
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(2-29) 
Silicone rubber is a hyperelastic and incompressible material. So, because of the 
material incompressibility, equation (2-28) can be written as equation (2-30). In this 
case, the boundary condition (according to the problem conditions) is performed to 
calculate the p value as a pressure term of the equation.   
 
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 (2-30) 
In the following the stress equations of uniaxial, biaxial, and planar loading are 
calculated. The applied load in the uniaxial and planar tests acts only in one direction 
while the applied force in the biaxial test acts in two directions. More descriptions about 
these tests will be given later in 4.1. 
In the uniaxial tension, the stretch in the loading direction is λ1 and the stretch in other 
non-loaded directions is λ2= λ3. According to equations (2-12) - (2-14) and the condition 
of I3 = 1 for incompressible materials, the invariants are calculated in equation (2-31). 
Then, insert the related parameters from equation (2-31) to equation (2-30), to achieve 
equation (2-32) and (2-33). Afterwards, the stress (applied load) in another direction is 
zero as the boundary conditions of this problem. The parameter p is calculated, when 
equation (2-33) equals to zero. Finally, equation (2-34) shows the uniaxial stress 
equation of the hyperelastic material.        
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 (2-34) 
The energy function of some materials is independent to parameter I2. In this case, the 
uniaxial stress can be changed from equation (2-34) to equation (2-35). 
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 (2-35) 
In the biaxial loading, the stretch in two directions of loading is similar and I3 = 1 
(incompressible case). So, by considering equation (2-36) and related boundary 
conditions, the biaxial stress with two invariants is described in equation (2-37) and the 
I2 independent biaxial stress is located in equation (2-38).         
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 (2-40) 
In the same procedure by considering λ3 = λ
-1
1 in the planar (pure shear) deformation, 
the stress is described in equation (2-39) and if the stress is not related to the second 
invariant (I2), equation (2-39) will be simplified to equation (2-40) (Beda, 2007; 
Bergstroem, 2015; SAS, 2013). By use of described equations, the constitutive model of 
hyperelastic materials can be achieved.  
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2.3.2 Strain energy 
The mechanical concept of the strain energy density is the mechanical energy which 
leads to material deformation. It can be described mathematically as the load-unload 
area in strain-stress curve (Loukil et al, 2018). 
The strain energy is the function of Cauchy-Green deformation tensor with three 
invariants of I1, I2, and I3 which is a common isotropic hyperelastic phenomenological 
model for rubber materials (Wada et al, 2018).  
There are different strain energy functions (W) to describe the hyperelastic materials 
behavior. Because of their extensibility feature, they can be defined in different 
methods, which are not possible to be described all of them here. So, here some of the 
important and general functions will be explained, which are supported by the widely 
used simulation software (FEM software ABAQUS). The most general energy function 
which leads to most of the other functions is based on a Polynomial model. Equation 
(2-41) shows a Polynomial energy function. Cij, N, and Di are material parameters, 
Polynomial order, and compressibility factor. Different energy functions, such as 
Mooney Rivlin, reduced Polynomial, Neo Hookean, Yeoh, and so on are defined 
according to the order values and supported invariants (I). Equation (2-42) shows the 
Mooney Rivlin energy function which is a Polynomial energy function of first order. In 
this equation k is the bulk modulus which is related to the compressibility (D). It is 
considered that k0=2/D1.  
The reduced Polynomial (equation (2-43)) is another subgroup of Polynomial energy 
functions. In this group of energy functions the I2 invariant is ignored to reduce the 
function’s complexity. Then, in comparison with the material model parameters (Cij) of 
Polynomial functions, the material parameter C0j in the reduced Polynomial function is 
considered to vanish and Ci0 can get non zero values. Then, the reduced Polynomial 
function is divided into different functions according to its degree. The Neo Hookean 
and Yeoh models are more famous in this model group. Equation (2-44) explains the 
Neo-Hookean energy function order 1. The degree of the Yeoh energy function in 
equation (2-45) is 3.  
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The Neo-Hookean is the Hooke’s law extension to large deformations (simplest model). 
The Mooney-Rivlin model is a common and standard model of rubber materials and the 
analysis of uniaxial tensile and compression and planar tensile test results of 
hyperelastic materials lead to select the appropriate strain energy function (Steinmann et 
al, 2012; Wada et al, 2018).   
The Ogden energy model (equation (2-46)) is defined in applied principal stretch terms 
(λ) while the Polynomial and reduced Polynomial models are explained in strain 
invariants (I) terms. If N and α become equal 1, the Ogden and Neo-Hooke models are 
equal. Here, αi and μi are the thermal expansion coefficients and shear modulus. 
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The J value of the hyperelastic materials is usually equal 1. So, in the above equations, 
the part which is related to J and bulk modulus can be ignored. 
The maximum degree of Polynomial, reduced Polynomial and Ogden which FEM 
software ABAQUS supports, normally are 2, 6, and 6, respectively.   
There are other models which will not be discussed here, because they would lead too 
far to this subject. For example, the Arruda-Boyce model was achieved according to 
microstructure and molecular model of hyperelastic theories which is a statistical model 
and it is not in the working area of this dissertation. There is another model to get the 
material energy function directly from the real uniaxial test results. This model in some 
cases is named Marlow model. The energy function in the Marlow model is determined 
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only with first strain invariant. This model is a high accurate method for uniaxial 
tension data but it is not accurate for biaxial test data (Bergstroem, 2015).  
To find a material energy function and a material model, material tests should be 
performed and according to experimental test data, model and material parameters 
should be selected. 
The Mullins effect is the most well-known damaging effect on the rubber materials. If 
the rubber’s mechanical behavior shows the damage from the previous loading history 
the continuum damage mechanics (CDM) theory should be considered as a function of 
the load cycles or time (Wada et al, 2018). 
A development in the automation level of an indirect gravure printing machine will be 
described in the next chapter. Therefore, the printing machine structure will be 
presented. Then, a process of machine development to improve the automation level 
will get explained. 
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3 Development of  the indirect gravure printing 
machine  
The first indirect gravure printing machine was created nearly 200 years ago. 
Afterwards, its automation level has been developed over time to level 0 and level 1 
(Micro Print, 2014; Morlock, 2012; Tampoprint, 2014). The concept of automation 
level was described in chapter 2.1.3. Nowadays, some developed indirect gravure 
printing machines with the highest automation level (level 1) can control the printing 
speed in vertical direction (Kuscharski, 2017).  
This work concentrates on automation level developments of indirect gravure printing 
machines with the porpuse of its use in scientific fields.  
Part of the work described in this chapter was published in (Hakimi Tehrani et al, 2016).             
3.1 Indirect gravure printing process 
The general structure of indirect gravure printing is described in the following. First, the 
elements of the printing unit get introduced. After an acquaintance with the printing unit 
elements, role of pad, printing form table and printing object in printing steps will be 
clarified.  
Printing unit elements  
Figure 3-1 shows the printing units of an indirect gravure printing machine. It consists 
of impression (pad) unit, inking unit and object-holding unit. The pad is an element of 
the pad unit. The pad transfers ink to the substrate. The pad linear guide (cylinder) has 
the role of pad movement. The pad linear guide is coupled with the pad by the pad 
coupling element. The object-holding unit’s function is to hold and fix the substrate in 
the correct position. The vacuum table has a flat and rigid surface and is usually used to 
hold flat substrates. The substrate table holds the substrate and all the objects that are 
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related to the substrate. The substrate is the object that the pad transfers the ink layer to 
it. The inking unit elements are the ink cup, the printing form and the printing form 
table. The ink cup (in closed systems) consists of a sealed ink container and a round 
shaped doctor blade. The doctor blade removes the extra ink over the printing plate in 
the backward movement while the ink remains in the engraved cells. This happens after 
the ink feeding in the printing form with forward movement of printing form table. The 
printing form consists of an engraved motif which is filled with ink. The pad picks up 
the ink from the printing form. The printing form table is the printing form carrier 
which moves the printing form forwards and backwards in various steps of the printing 
process.    
 
Figure 3-1: The indirect gravure printing process units. The impression (pad), inking and object-
holding units consist of different elements which are shown here.  
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Description of indirect gravure printing process 
Figure 3-2 shows the indirect gravure printing steps. Generally, the moveable elements 
are the pad and printing form table. At the beginning of the process, the printing form 
and pad are in their reference position, where ink can flow into the engraved cells of the 
printing form.  
A reference position is an initial position for pad and printing form table with the 
following conditions. The ink cup should completely cover the motif area of the 
printing form when the printing form table is located at the reference position. The 
printing form table should not be located along a pad motion path while the printing 
form table is located in its reference position. There is no interaction between the pad 
surface area and the motion path of the printing form table when the pad is located at its 
reference position. Here, the ink cup is positioned in a fixed place in different steps of 
the printing process.     
In step 1, the printing form table moves in the forward direction. Here the doctor blade 
wipes excessive fluid off. The pad moves in the downward direction to take up the ink 
(step 2). In step 3, the pad with a layer of ink elevates from the printing form. Then, the 
printing form table reverts to the original position (step 4). The pad comes down to print 
the ink layer on the substrate in step 5. Finally, in step 6 the pad revert to the reference 
position (DECO, 2018; Hahne, 2001; Hakimi Tehrani et al, 2016). 
 
Figure 3-2: The steps of printing in an indirect gravure printing process. The dashed lines in red 
color clarifies the reference positions which are the start position of the pad and the printing form 
table. The numbers describe the print steps. The steps should be performed respectively to 
complete the printing process and get the printed objects.      
The operator usually has to push a button for execution of each printing step in the 
conventional indirect gravure printing machines.     
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3.2 Requirements concerning an automated indirect gravure printing 
machine 
The automation level of conventional indirect gravure printing machine is developed to 
fulfill the following requirements.  
Pressing less push buttons to execute each printing iteration: It will lead to more similar 
printing conditions in different printing iterations. In this case, the operating time in the 
printing process is independent of the delay time of users of the machine.   
Control of the speed and time for each printing step: The operating time in different 
steps of the printing process will be controllable.  
New control unit: A real-time, embedded industrial machine controller with monitoring 
capabilities will be added to the system. 
Exchange the drives of motion system: They will be exchanged from a pneumatic 
system to an electrical system.  
Force measuring system: The force measurement system will be added to the machine 
for more accurate monitoring of the printing process.    
Online and offline monitoring: The monitoring of printing parameters will be possible 
during and after the printing process. 
Save and reuse of set points: The set points of printing parameters will be saved and 
reused for next printing iterations.  
3.3 Indirect gravure printing machine consideration as a mechatronic 
system 
A mechatronic system is an integration of different fields such as mechanics, electronics 
and control which are used to improve or optimize the system's functionality. These 
fields are shown in Figure 3-3 and in each field the related subjects are listed. The 
subjects that this research will focus on were marked by brown color. Figure 3-4 shows 
the mechatronic system structure. This structure includes a control unit, sensors, 
actuators and mechanics. The arrow directions in Figure 3-4 present the data 
transferring direction between different parts of mechatronic system (Casner et al, 2017; 
Hakimi Tehrani et al, 2016; Isermann, 2008). For example the control unit sends the 
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commands to actuators. Then, they execute the commands by use of the mechanics 
parts. The sensors measure some parameters and send them to the control unit. 
 
Figure 3-3: The mechatronic system related fields. This dissertation concentrates on the marked 
subjects. This figure is based on (Casner et al, 2017; Hakimi Tehrani et al, 2016; Isermann, 2008). 
 
Figure 3-4: The mechatronic system structure. It shows different parts of a mechatronic system. 
The arrow directions show the sending and receiving directions of data. This figure is based on 
(Casner et al, 2017; Hakimi Tehrani et al, 2016; Isermann, 2008). 
The indirect gravure printing machine structure consists of three main fields, which are 
electronics, control systems and mechanics. To organize the elements and improve the 
automation level of the indirect gravure printing machine as a system, it is considered as 
a mechatronic system (Hakimi Tehrani et al, 2016). The indirect gravure printing 
machine units are organized according to mechatronic system structure in Figure 3-5. It 
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shows the elements of each unit and the data transferring direction between different 
units of indirect gravure printing machine with arrow directions. The units and their 
elements are described in the following.  
 
Figure 3-5: The indirect gravure printing machine units were organized according to mechatronic 
system structure. The printing unit is located in the mechanics. It consists the object holding, inking 
and pad units. The arrow direction describes the data flow direction.  
Control, actuators, mechanics, sensors units 
The control unit is the center of processing and logical calculations. The controller 
hardware is the control unit’s main element with the main goal of system control (Kiel, 
2008). In addition to other units, it sends and receives the control data of the elements in 
its unit (internally) such as controller hardware and controller software which 
communicate with each other.  
The actuators are “the muscles of the automation system” (Kiel, 2008). The control unit 
sends the commands to actuators and they execute the commands on elements of 
mechanics unit.  
The mechanics unit is the executive part of the system which shows the mechanical 
responses of user demands. The printing unit is one part of the mechanics unit which is 
divided into impression (pad), inking and object-holding units in the indirect gravure 
printing system (Hakimi Tehrani et al, 2016). 
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The sensors unit measures the mechanics unit parameters and transfers them to the 
control unit for further analysis. The sensors of an indirect gravure printing machine are 
divided into safety, controlling and measurement (location) sensors. The safety sensors 
are used to increase the machine safety with more focus on human safety. For example, 
micro switches are located on the machine surroundings to protect the user and print 
object during the printing process. These sensors send the signal to the controller and 
the controller stops the printing process immediately as soon as they get activated. The 
controlling sensors control the position of some elements of mechanics unit such as 
vertical and horizontal axes. For example, when the horizontal axis is located in the 
reference position, the controlling sensor sends the related signal to the control unit.  
The Morlock GFG100 (Morlock, 2012) is the type of indirect gravure printing machine 
which is developed and discussed in this dissertation. The machine schema with 
location of the axes are shown in Figure 3-6. The related coordinate system and printing 
direction are presented in this figure. 
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(b) 
 
(a) (c) 
Figure 3-6: The indirect gravure printing machine layout. (a) Location of machine parts and the 
related coordinate system is presented here. (b) Related elements to pad axis. (c) Related elements 
to the printing form table axis. They present the position of elements on Morlock GFG100 indirect 
gravure printing machine in more details to make clear the described elements in the text. This 
figure is based on (Morlock, 2012).  
An indirect gravure printing machine has the maximum two degrees of freedom (DOF) 
during printing. As it was shown in printing steps (Figure 3-2), a pad axis moves in Z-
direction and a printing form axis moves in X-direction. In this case, Z and X directions 
can be considered as vertical and horizontal directions. So, there are two main servo 
drives in control unit to control vertical and horizontal servo motors as system actuators. 
After receiving the commands, the servo motors execute it and effect on mechanical 
elements such as linear guides (cylinders). 
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3.4 Process of the machine development 
The use of indirect gravure printing in scientific fields is increasing day by day. It can 
be applied to print sensors, electroluminescent panels and so on. For example, the 
developed indirect gravure printing machine described here, is a distinguished method 
to study the printing process of electroluminescence on curved surfaces (Hirmer et al, 
2016). So, the development process is performed with a focus on print parameters 
controllability and data tracing during and after a printing process. The ability of online 
and offline data monitoring leads to a performance of more accurate and controllable 
scientific researches. So, according to these goals and the structure of the indirect 
gravure printing machine in Figure 3-5, highlighted blocks in Figure 3-7 display 
segments of the machine that are developed here.  
 
Figure 3-7: The indirect gravure printing machine units (Hakimi Tehrani et al, 2016). The 
highlighted blocks show the units and sub-units of the machine developed by the author. The blocks 
are described in detail in the following chapters.    
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3.4.1 Development in software 
Software is a sub-unit of a control unit in the indirect gravure printing machine. Further 
than process control, main roles of the control unit are the signal processing and logical 
calculations before, during and after the printing process.  
The software as part of a control unit in Figure 3-7, is divided into two segments: Main 
program and UI. UI is an abbreviation for the user interface.  
Figure 3-8 shows schematically a communication between different parts of the 
software. According to this figure, UI receives user demands through SP_UI and O_UI 
which are user interfaces for set points of printing parameters and operating buttons, 
respectively. Then, UI sends them to the main program for execution. The main 
program executes the commands and performs the signal processing and logical 
calculations. Afterwards, the main program sends the executive commands to the 
actuators unit through the real-time embedded industrial (RTEI) controller part. Further, 
the main program sends calculation results and system reports to R-UI through UI. R-UI 
is a user interface which reports important printing parameters such as position, velocity 
and force in different steps of the printing process.     
The controller is connected to actuators and sensors. It receives signals from sensors 
and commands from the main program and executes them with actuators. The sensor 
signals are related to the measured values and detected positions by sensors.  
 
Figure 3-8: The software sub-units communication. The communications between O_UI, SP_UI, 
UI, R_UI and Main program as sub-units of the software with other units are shown here. The 
arrow direction describes the data flow direction. 
O_UI is displayed in Figure 3-9. The operating buttons are located on O_UI. Start and 
Stop buttons can start and stop the printing process. “Find Home” button is used for 
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sending the horizontal and vertical axes to their reference position. “HLE” button would 
activate the program if a high level error occurred. The high level error is described in 
the description of Figure 3-13. “Vacuum” and “Air Blower” buttons will turn on their 
pumps. The vacuum option is used to fix the substrate on the table and the air blower 
option leads to blowing air on the pad surface, for increasing the speed of solvent 
evaporation in some special cases. “Vertical_Movement” button is pushed when only a 
pad movement in the vertical direction is desired. In this case, the printing form table is 
fixed. “Printing Form Service” button is pressed when the printing form needs 
maintenance services such as cleaning. In this case only the printing form table is 
moved. On the left side of the figure, a printing process is shown on-line. “Printing No.” 
shows the number of printed specimens. The same number is used to save printing 
parameters in R_UI. So, it can be used to trace the printing parameters of each printed 
specimen after printing (offline).                 
 
Figure 3-9: The operational user interface. It is abbreviated with O_UI. The operating buttons are 
located on this UI and the current step of the printing process is shown online in the left side, 
graphically.  
Figure 3-10 shows the machine set point user interface. SP_UI contains input variables 
for the main program. The input variables are parameters for the printing process.  
In SP_UI, the input variables are organized in six different groups according to the six 
different steps of the indirect gravure printing process in Figure 3-2. In all steps, the 
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velocity can be changed. Further, the position values in different steps, except of step 4 
and 6, can be defined. The velocity and position in vertical and horizontal directions are 
explained as velocity and position of the pad and the printing form table, respectively. 
In step 4 and 6, the printing form table or pad should come back to their reference 
positions, so the position value is fixed to be zero. In step 2 and 5, a contact time of the 
pad with printing form and substrate can be defined. In step 2 and 5 by pushing 
“Force_cont” button, the printing process can be performed according to an acting force 
of the pad on the printing form or substrate. In this case, some extra variables should be 
set such as desired force. After step 6, there are two variables to set the printing form 
table position and its velocity. In this step, the printing form table moves forward to 
perform maintenance services on a printing form. These services are related to extra 
operations on the surface of a printing form such as cleaning, position adjustment, ink 
density observation and so on. There are two options on the above part of SP_UI. They 
are used to save and load the input (printing) parameters of SP_UI. This ability makes it 
easy to use the print parameters at different times.   
 
Figure 3-10: The set point user interface which is called SP_UI. The printing parameters are 
adjusted here. The interface structure is organized according to the printing process steps from 
number 1 till 6 on the left side. In front of each number there is a short description about related 
steps.  
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Figure 3-11 shows the important printing parameters which are monitored online in 
graphs of R_UI. The X, VX, Z and VZ are printing form table position, printing form 
table velocity, pad position and pad velocity, respectively. The position and velocity 
units are mm and mm/s. The pad force on the substrate and the printing form are related 
to “F_sub” and “F_printing form” with unit of N. Further than online monitoring of 
these printing parameters, they are saved in each printing iteration. They can be used 
offline to analyze the printing parameters in comparison with printing results. The field 
at bottom of R_UI is related to the file path where the printing parameters are saved.   
 
Figure 3-11: The measured printing parameters are displayed online on R_UI. Further, it shows 
the file path where printing parameters are saved for offline use. It supports the printing 
parameters such as position, velocity and force during the printing process.     
Figure 3-12 is a flowchart of the indirect gravure printing working process. It describes 
the working process systematically. The used flowchart symbols clarify the nature of 
each part. The pad, ink, printing form and substrate are the process inputs and the 
printed substrate is the process output. Getting the printed substrate as an output from 
the inputs is the goal of this process which can be achieved in each iteration of this 
process. The flowchart steps are matched with the indirect gravure printing steps which 
were described in Figure 3-2.    
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Figure 3-12: The indirect gravure printing process steps. The flowchart shows different steps to get 
print results. The concept of different symbols which were used in this flowchart are mentioned at 
the end of this figure. Figure is based on (Hakimi Tehrani et al, 2016).   
Figure 3-13 is the state diagram of the indirect gravure printing machine process which 
is programmed in the main program segment of the software. It is achieved according to 
the flowchart steps in Figure 3-12. Each circle is a state in the program structure. After 
starting the program, in the first state, it is waiting to get a start command from the user.  
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Figure 3-13: The state diagram of the indirect gravure printing machine program. It shows 
different states of the program. The performance of these states leads to control and monitor of the 
indirect gravure printing process.   
After the start of the program, the pad and printing form table axis move to their 
reference position. Next, the program is waiting for the starting process button in the 
software user interface (UI) getting pressed. Then, the printing form table comes 
forward. In the next state, the pad comes down on the printing form table. It can wait on 
the printing form to pick up the ink for the waiting time which is set in SP_UI. In the 
next state, the pad goes up, and the printing form table comes back to the reference 
position. Then, the pad comes down to transfer ink onto the substrate and in next state, 
the printing force on the substrate can be controlled. Further, a contacting time between 
the pad and substrate can be set in SP_UI. Finally, the pad goes to reference position 
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and waits for the next print command or a stop command. Always, safety and location 
sensors check the environment and after detecting an undesirable event in their 
environment, immediately the system state changes into Low Level Error (LLE) or 
High Level Error (HLE) state. In LLE and HLE states, the current printing process gets 
stopped when an undesirable event appears. After the disappearance of the undesirable 
event, the printing process state will change from LLE state into the last state before 
happening the undesirable event. In the case of HLE state, the printing process state will 
be changed to the first state in the beginning of the program when the undesirable event 
is disappeared. For example, when the emergency push button of the machine is pressed 
by the user, the machine will be stopped as a reaction of HLE state. In this case, the 
system state will be immediately changed to HLE state. It will be remained in this state 
until releasing the push button. After releasing the push button, the system state will be 
changed to the first state of the program.                        
3.4.2 Development of controller, actuators, sensors and mechanics 
The controller type and software programing method are affected by the purpose of the 
indirect gravure printing machine’s application. So, the machine should fulfill new 
demands which are created in the market for the indirect gravure printing machine to 
use in scientific fields and researches such as printed electronic devices and biomedical 
applications. Because of that, it is developed for scientific applications.  
In this case, control, actuators, sensors and mechanics units should be highly accurate in 
controlling, operation, measurement and monitoring. As control unit hardware, 
CompactRio (cRIO) 9074 from National Instruments was used. cRIO is a real-time, 
embedded industrial machine controller with additional monitoring capabilities. Its 
specifications have been described in (National Instruments, 2014). It contains a real-
time processor chip with speed of 400 MHz and input/output (I/O) modules to connect 
measurement devices, actuators and sensors to it. Further, external devices through 
networking can be expanded to this controller. The printing machine’s horizontal and 
vertical drives are Kollmorgen AKD servo drives as part of controlling unit. They can 
be programmed to measure and control the speed, acceleration, position, torque and 
current of servomotors. In this case, the real-time embedded industrial controller and 
drives support EtherCAT protocol to transfer data and this ability was used here 
(Kollmorgen, 2010; National Instruments, 2012a; b). The synchronization time between 
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master and slave parts is less than 1 µsec which it causes a high speed performance with 
EtherCAT protocol. So, it is useful for coordinating motion between motion axes and it 
is suitable for projects which motion control and measurement equipments are used in it 
(ETG, 2014; National Instruments, 2012b). So, EtherCAT protocol was used in the 
developed indirect gravure printing machine to get an accurate and precise control in 
addition to a fast and synchronized data transferring between the drives and controller.  
A single point load cell with a maximum capacity of 100 kg was added to the machine 
to measure force changes in the printing process. Its safe load limit is 150 kg at a 
maximum eccentricity of 150 mm and accuracy class C3. By the use of the force sensor, 
force values during the printing process with a high accuracy level (Mininum 
verification interval of 0.1961 N for maximum capacity of 980.665 N) are monitored.  
The substrate table was developed to perform scientific researches on curved surfaces. 
In this case, different cylindrical metal parts with different diameters can be assembled 
on the table and flat substrates can be wrapped around the cylinders. In this case, results 
of printing on different parts of curved substrates are transferred to flat surfaces and 
their analysis (e.g. image processing to evaluate print quality) becomes easier. The 
results and methods of regarding the use of flat substrates wrapped around cylinders 
were described in (Ücüncü, 2015).                       
3.5 Improvement of automation level with machine development  
The automation level explanation and the automation level of conventional indirect 
gravure printing machines were described in chapter 2.1.3. Therefore, the automation 
level of the conventional indirect gravure printing machines with control system, 
actuators and sensors are located at level 0 or 1. The improved indirect gravure printing 
machine which was described in this chapter is able to monitor online the printing 
process and printing parameters. It displays the printing results online during the 
printing process on the user interface of the machine. So, the automation level 2 is 
reached. Further, saving and reuse of printing parameters for next times according to 
feedbacks of the monitored data, are possible. Also, the user is able to store, handle and 
trace data (online and offline) with use of DIAdem (Version 15, National Instruments). 
These important improvements can establish an information management system for the 
indirect gravure printing. So, these developments lead to improve the automation level 
of indirect gravure printing to level 3. 
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Further development in the automation level of indirect gravure printing process will be 
achieved by simulation of the printing process. The results of the next chapter are used 
to perform the simulation of the printing process. So, the silicone rubber characteristics 
as the pad material are described in the next chapter. 
Silicone rubber characteristics 
 
48 
 
4 Silicone rubber characteristics 
The characteristics of silicone rubber as pad material will be described in this chapter. 
First, the mechanical testing methods for silicone rubber are introduced. Second, the 
measurement setups are implemented. Third, the test results of different test methods 
are achieved to characterize the pad material with different hardnesses. Finally, the 
hyperelastic material models for different hardnesses are calculated. Then, a model 
which is more fitted to the experiments will be selected between the various models. 
Further, the fitting situation of calculation results and experiments shows the validation 
status of selected models.   
4.1 Mechanical testing methods for silicone rubber 
To evaluate the material behavior, the number and complexity of test specimens should 
be decreased as much as possible because they consume time and cost (Steinmann et al, 
2012). So, the optimum test models are selected with the highest usability and with 
respect to the highest recommendation. 
4.1.1 General concepts 
Generally, an ideal material model has the following specifications which usually is not 
possible to gain all of them. First, use the minimum number of material parameters 
which are possible (e. g. the minimum number of invariants or degree of Polynomial 
functions). Second, the capability to get the material behavior results in complex 
deformations for different structures. Third, the ability of material parameter 
specification with few simple tests (Steinmann et al, 2012). Shortly, in an ideal model 
with a minimum number of simple tests, the minimum useful material parameters 
should be selected to achieve the material behavior in complex deformations.   
So, here the useful test methods to investigate the material model are described. They 
are clarified in Figure 4-1. The uniaxial tensile test and equibiaxial compression test, the 
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uniaxial compression test and the equibiaxial tensile tests, the planar tension and planar 
compression can be considered instead of each other (Simulia, 2013b). The reason 
comes from the loading effect of hydrostatic stresses on incompressible materials. It is 
schematically presented in Figure 4-2. For example, in the second row, the vector 
adding of uniaxial compression and hydrostatic tension in Cartesian coordinates equals 
to biaxial tension. The hydrostatic pressure (compression) will not deform the 
incompressible materials (Berselli et al, 2011). Then, the uniaxial tension and biaxial 
compression are considered equal. 
 
 Figure 4-1: The relationship between different hyperelastic material test methods, namely uniaxial, 
equibiaxial and planar tension and compression test methods. The dashed lines show the similar 
test methods. The test results of similar test methods are nearly equal to each other in 
incompressible materials. Figure is based on (Simulia, 2013b).    
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Figure 4-2: The proof of similarity between some test methods by showing the effects of loaded 
hydrostatic stresses on incompressible materials. The hydrostatic pressure does not deform the 
incompressible materials (Berselli et al, 2011). So, the described equality between the test methods 
in both sides of equation can be proven. Figure is based on (Simulia, 2013b). 
The suitable test methods are chosen by considering the described situation for a 
suitable and efficient material model (a minimum number of simple tests and the 
minimum useful material parameters), focus on cost efficiency issues (decrease time 
and costs), the available material test instruments and the FEM software ABAQUS 
needs for hyperelastic material behavior simulation.  
In the following, the related test methods are described and further in chapter 4.3, the 
test results will be discussed.  
4.1.2 Uniaxial tensile test 
In a uniaxial tensile test, a silicone rubber test specimen stress-strain behavior during a 
loading and/or unloading extension in one direction such as Z-direction is measured. In 
this case, to test the specimen, different parameters should be set according to the 
standard method. The test specimen shape is one of the important parameters and 
usually has a shape of dumb-bell or dog-bone in different sizes.  
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The ASTM 412 and ISO 37 (ASTM D412, 2016; ISO 37, 2012) are standard methods 
to execute silicone rubber uniaxial tensile tests. The test parameters such as test 
specimen geometries, test speed, test environment and so on are described there.  
The test specimen’s shape, the related dimensions and test types are clarified in Table 
4-1 according to the standards. The test speed is 500 mm/min for test type 1, 1A, 2 and 
200 mm/min for type 3 and 4. The thickness of the specimens for test types 1, 2, 3 and 
1A is 2 ± 0.2 mm and for type 4 is 1 ± 0.1 mm. The stretch of a special area in the 
middle of test specimen should be measured and is called test length (TL). The test 
length for different types of test specimens is not equal. A normal extensometer 
measures the test machine grapes distances which is not useful for rubber materials, 
because the test length is not equal to the grape distances. To fulfill this situation, a non-
contact extensometers can be used. One type of non contact extensmeters is the video 
extensometer system. In the video extensometer system, the test length of the specimen 
is marked and the video extensometer measures its extension during the test (ASTM 
D412, 2016; ISO 37, 2012; Raupach, 2016). So, for this case, a video extensometer 
system was designed by the author. The designing process and its optimization were 
described in (Benedikt et al, 2017). The video extensometer system was used to 
measure the extension and retraction of rubber test specimen.  
In uniaxial tensile tests, the test specimens should be selected as large as possible to 
decrease the measurement errors, but the test machine and test specimen preparation are 
determinative elements to select the largest one. 
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Table 4-1: The test specimen’s dimensions in different test types. TL, A, L, TW and W are test 
length, length of narrow part, total length, test width and total width of test specimens, respectively. 
They are the important parameters of dumb-bell shaped test specimens.    
 
Test type Type 1 
(Type C) 
Type 1A Type 2 Type 3 Type 4 
Dimensions 
L (mm) 115 100 75 50 35 
A (mm) 33±2 21±1 25±1 16±1 12±0.5 
TL (mm) 25±0.5 20±0.5 20±0.5 10±0.5 10±0.5 
TW (mm) 6.2±0.2 5±0.1 4±0.1 4±0.1 2±0.1 
W (mm) 25±1 25±1 12.5±1 8.5±0.5 6±0.5 
The uniaxial tensile test can be executed in loading or cyclic (loading-unloading) 
deformations according to the aim of the work (Bergstroem, 2015). The loading is 
summarized only to get the test data during the tension of material (one time) till a 
maximum amount of strain or stress is achieved at the end point of the test. In one cycle 
(loading-unloading) test method, after getting the maximum strain or stress, the test 
specimen deformation comes back to start position (unloading). In this case, the 
loading-unloading (one test cycle) stress-strain data is the test data. In other words, one 
test cycle is a loading-unloading process which is started from an initial strain and stress 
value and reaches a maximum stress or strain value (loading) and will come back to the 
start position (unloading). The cyclic test shown in Figure 4-3 is a test which is usually 
executed more than once and the maximum strain and stress of cycles can be changed 
during the test. The cyclic test results can give some extra information about the 
material behavior such as hysteresis and Mullins effect which is used to select an 
appropriate model (Bauman, 2012). 
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Figure 4-3: The cyclic uniaxial tensile test for one strain step. Three cycles which each cycle consists 
of loading and unloading process are shown here. The test specimen is stretched (loaded) 70% and 
then unloaded to get the start position in each test cycle again.            
The FEM software ABAQUS generally needs only the monotonic test data such as 
loading test data for FEM simulations. On the other hand, performance of cyclic 
loading-unloading in addition to the loading test data, generates more data to get a better 
feeling about the material mechanical behavior. So, in the dissertation the cyclic tests 
are executed and their results will be discussed. Afterwards, the loading test’s result is 
used in FEM software ABAQUS. 
4.1.3 Uniaxial compression test 
The ISO 7743 international standard and ASTM D575 describe the test process for the 
specification of compression stress-strain properties of rubber materials (ASTM D575, 
2012; ISO 7743, 2011). In accordance with ISO 7743, there are two similar letters of A 
and B for both of test methods and test types. So, in the following, for these letters, the 
test type and test method should be noted and distinguished. 
According to ISO 7743 there are four different test methods A, B, C and D. The test 
piece is a part of a product or a specimen with special dimensions divided into type A (a 
cylinder of diameter 29 ± 0.5 mm and height 12.5 ± 0.5 mm) and type B (a cylinder of 
diameter 17.8 ± 0.15 mm and height 25 ± 0.25 mm). Table 4-2 describes the different 
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methods and test pieces and their essentials to perform the compression test. The 
execution of the test methods A, B and C is the same, but the test specimen preparation 
is different. In method A, the metal plate surface should be lubricated. In method B, a 
bonded assembly of test specimen should be used. In method C the test specimen should 
be located centrally in the test machine. In method D the metal plate should be 
lubricated and the test specimen as a part of the product is positioned in the test 
machine.  
Table 4-2: The overview of different types of test methods and test pieces for compression test. 
According to test method and test piece type, some test pieces need to be bonded to metal plates or 
to be lubricated to contact with metal plates.  
Method Test piece 
 
Metal plates 
lubricated 
Metal plates 
bonded 
A 
A (cylinder of diameter 29 ± 0. 5 mm 
and height 12.5 ± 0.5 mm) 
Yes No 
B A No Yes 
C 
B (cylinder of diameter 17.8 ± 0.15 
mm and height 25 ± 0.25 mm) 
No No 
D Part of a product Yes No 
The execution of the test process in test methods A, B and C are the same. In these 
cases, the test speed is 10 mm/min and a maximum strain value of -25% should be 
achieved in the test. According to Figure 4-4, in four uninterrupted cycles the loading-
unloading process is performed and the strain-stress values in the last cycle are 
considered as test results. The execution of method D is summarized to loading-
unloading cycle at a speed of 10 mm/min with reaching a maximum strain of -30% (ISO 
7743, 2011). 
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Figure 4-4: The strain versus time changes of compression test cycles in test methods A, B and C. 
Four different cycles (loading-unloading) are executed with the same maximum amount of strain. 
The last cycle (4
th
 cycle) is selected to calculate the compression test results.     
Method C and test piece B are selected to perform the compression tests because of the 
advantages that are described in the following. The test results of this method are 
independent of shape and the lubrication situation of test pieces. The test piece B is 
more suitable than the other pieces to specify the material properties with the method C 
(ISO 7743, 2011). 
4.1.4 Planar tensile test 
The planar tensile test result is an effective test results to find the material behavior and 
the strain energy function model and parameters. The test execution in the planar test is 
nearly similar to the uniaxial tensile test, but the test specimen size is different and it is 
a wide sheet of material. In a wide specimen, the in-plane displacement is in the loading 
direction through the specimen thickness. So, it proves the similarity of deformation of 
the test specimen with plane strain (Bergstroem, 2015). The results of the planar tensile 
test on hyperelastic materials are nearly similar to the pure shear test and they can be 
used instead of each other (Bergstroem, 2015).  
The planar test specimen size is an important issue. Usually, the length per width of test 
specimen should be more than 5 (Bergstroem, 2015) to get suitable results, but the 
limitation of test instruments should be considered in this case. 
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The test specimen becomes thinner in the contact area with grip edges. So, the effective 
length of this area is increased with the utilization of strain. Then, to ignore this effect, 
the test area should be located in the middle of the test specimen with some distance 
from the machine grips (Bergstroem, 2015). Figure 4-5 shows a planar test specimen 
with dimensions of 60 mm (TW) x 8 mm (TL) and thickness of 1.7 mm. The test length 
should be marked and a video extensometer system should be used to measure the 
planar specimen deformation.   
 
Figure 4-5: The planar test specimen, fixed with grips. The black solid lines show the measurement 
lines which are marked to be detected by the videoextensometer. The test width (TW) and test 
length (TL) of the measurement area are clarified graphically.  
4.1.5 Poisson’s ratio 
Usually, the poisson’s ratio is used in the simulation process of FEM software 
ABAQUS. It has a limited effect on the mechanical behavior. So, the accurate 
measurement of poisson’s ratio is not an effective parameter to have an accurate 
simulation (Bergstroem, 2015). The test specimens in the poisson’s ratio are similar to 
the uniaxial tensile test specimens (ASTM D638, 2014). The videoextensometer system 
can measure the strain in axial and transverse directions. The poisson’s ratio is the 
absolute value of transverse strain to the corresponding axial strain (equation (4-1)). The 
poisson’s ratio should be calculated in the axial strain range of 0.0005 - 0.0025 mm/mm 
or 0.05 - 0.25 %, when the stress-strain behavior of the material in both directions is not 
linear. Therefore, the poisson’s ratio according to equation (4-2) in the axial strain of 
0.002 is calculated when it is not possible to detect a clear (constant) proportion (ASTM 
D638, 2014). 
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In the next part, the measurement setup according to the described test methods of this 
chapter are presented. 
4.2 Measurement setup 
This part clarifies the test environment condition in the beginning. Then, the test 
machine specifications for different tests are described. Afterwards, the type of test 
specimens and their production method are explained. Then, the execution of different 
test methods are presented.    
4.2.1 Temperature and relative humidity  
The mechanical characteristic tests of silicone rubber were executed in an air-
conditioned laboratory (IDD Klimalabor) which was adjusted according to DIN 50014.  
The different rubber material test methods and the standard conditions for testing of 
rubber materials (ASTM D1349) describe standard laboratory atmosphere temperature 
and relative humidity of tests. They shall be 23 ± 2 °C and 50 ± 10 %RH (ASTM 
D1349, 2014). Figure 4-6 and Figure 4-7 show temperature and humidity of the IDD 
air-conditioned laboratory for a period of one day as an example. These values are 
measured with two different sensors which were located in two different positions to 
support whole environment. The test machine for the silicone rubber test specimens is 
located near to sensor number 2. Therefore, the temperature and humidity values of 
sensor number 2 (temp 2 and RH 2) are close to the exact values of the test 
environment. A day’s working time (08:00 - 18:00) is highlighted in Figure 4-6 and 
Figure 4-7 to have a more realistic comparison. 
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Figure 4-6: The temperature in the air-conditioned laboratory measured on 31.01.2018. The 
horizontal axis is a daytime from 00:00 until 24:00. The vertical axis is the temperature in °C. The 
red dashed lines are the minimum and maximum tolerance of temperature 23 ± 2 °C according to 
the test standards. The green dashed line in the middle is the exact standard temperature. The 
black (temp 2) and purple curves (temp 1) are the measured values with two different sensors. The 
two vertical dashed lines show a time duration between 08:00 until 18:00. The measured values 
prove that the temperature values during the experiments are in the standard range. 
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Figure 4-7: The relative humidity in the air-conditioned laboratory measured on 31.01.2018. The 
horizontal axis is a daytime from 00:00 until 24:00. The vertical axis is the relative humidity in 
percentage (%). The red dashed lines are the minimum and maximum tolerance of relative 
humidity 50 ± 10 % according to the test standards. The green dashed line in the middle is the exact 
standard relative humidity. The black (RH 2) and purple curves (RH 1) are the measured values 
with two different sensors. The two vertical dashed lines show a time duration between 08:00 until 
18:00. The measured values prove that the relative humidity values during the experiments are in 
the standard range. 
Figure 4-6 and Figure 4-7 prove the validity of test environment temperature and 
humidity with the standard situation.    
4.2.2 Test machine  
The mechanical tests were performed with a Zwick Z050 test machine which is 
equipped with accurate measurement devices. The cross head speed can be varied 
between 0.0005 - 2000 mm/min with ±2 μm position repetition and 27 nm travel 
resolution accuracy. The test machine is equipped with a high accurate force sensor to 
measure the force values precisely. The relative accuracy of the force sensor is 0.25 % 
of the measured value (Zwick, 2018).  
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The grips are used in the execution of uniaxial tensile and planar tests. Figure 4-8 shows 
a test grip which is used here. In this figure, a test specimen was fixed between the 
clamps to perform a test. The grip’s role is to clamp and prevent the sliding of the test 
specimen in the clamped area.  
 
Figure 4-8: The uniaxial tensile test grip. Clamps are assembled on the grip to fix a test specimen. 
The grip, clamps and test specimen are shown here.  
It was mentioned in chapter 4.1.2 that the uniaxial tensile strain of test specimens is 
measured with a designed video (non-contact) extensometer. Figure 4-9 shows related 
variables of a test specimen which are measured in video extensometer. The software 
performs image processing of the video recorded during a test. It detects marked lines 
on a test specimen and measures the distance between marked positions in all video 
frames to calculate the strain in the axial direction during a uniaxial tensile test. On the 
other hand, it measures the test specimen width changes to get the strain in the 
transverse direction during the test. Finally, the strain in axial and transverse (for 
poisson’s ratio) directions can be calculated during a uniaxial tensile test. The camera 
system is shown in Figure 4-10.    
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Figure 4-9: The view of a test specimen in the video extensometer. The marked lines on a test 
specimen in the axial direction (1), the marked lines in the transverse direction (2), test length (TL) 
and test width (TW) are detected with the software. The recorded videos in uniaxial tensile tests are 
processed to calculate the strain changes during a uniaxial tensile test.  
 
 
Figure 4-10: The test machine. It can be used to perform uniaxial tensile, compression and planar 
tests. The test grip (1) and length gauge (2) in left side and camera (3) and camera holder (4) in 
right side are displayed here.  
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The compression platens are used in the compression tests. They are shown in Figure 
4-11. Often, the bottom platen is called platform. To measure the compression strain, 
the compression platen movement should be measured because a test specimen is 
compressed between the compression platen. A high accurate length gauge is used to 
measure the strain in compression. Here, the length gauge Heidenhain-Metro MT 2581 
with 0.2 µm repetition accuracy and 50 nm resolution is used to measure the 
compression strain.    
 
Figure 4-11: The compression test platens. The platens of compression and test specimen are shown 
here. The bottom platen is called platform.   
The test specimens are positioned in the test machine to perform a test. In the next part, 
a production method of test specimens is described.  
4.2.3 Test specimens 
4.2.3.1 Types of test specimens 
According to chapter 4.1, the following test specimens are selected. The dumb-bell test 
specimen type 1 is used for the uniaxial tensile test and poisson’s ratio tests. The 
cylindrical test specimen type B is selected for uniaxial compression test. A plane with 
test width 60 mm, test length 8 mm and thickness 1.7 mm is chosen for planar test.  
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4.2.3.2 Test specimens production method 
The test specimens are produced by a molding method. The negative forms of test 
specimens are designed and drawn in NX 10.0 software. Then, the negative forms of 
dumb-bell and cylindrical test specimens are printed by using a stereolithografic 3D 
printer (Formlabs Form 2, PreForm software for pre-processing). Afterwards, a 
production of test specimens is ordered at Tampo-Technik company to get the test 
specimens from the same material produced under same conditions as the final printing 
pad. Figure 4-12 shows the steps to prepare the uniaxial tensile, compression and planar 
test specimens from first row to the third row or up to down with shapes of dumb-bell, 
cylindrical and flat, respectively. The technical drawing, prepared molds and produced 
silicone rubber test specimens were positioned in (a), (b) and (c) from left to right. 
According to this order, the standard forms of test specimens are drawn. Then, the 
molds are prepared and the silicone test specimens are produced. The requested 
hardnesses of test specimens are 3, 6, 12 and 18 Shore A.  
(1) 
 
(2) 
 
(3) 
 (a) (b) (c)  
Figure 4-12: The test specimens preparation steps. The technical drawing (a), molds (b) and test 
specimens (c) show the order of steps for each type of test. From up to down (1 to 3), the uniaxial 
tensile, compression and planar test specimens preparation steps are located in each horizontal 
group.    
Figure 4-13 shows the table of test specimens and designed pads used in this 
dissertation. The test specimens are used to perform uniaxial tensile, planar and 
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compression tests. The designed pads are applied to execute the printing steps in order 
to measure the force during the printing process. Its results will be compared with 
simulation results. The related shapes of test specimens and their hardnesses are 
presented in this figure. A number is clarified in a row and column cross section. It is 
the number of test specimens and pads which will be tested in each case. Here, it is a 
constant value of three. It shows in each case three test specimens and pads will be 
examined.  
 
Figure 4-13: The test specimens and designed pads used in this dissertation.  
The hardness of cylindrical test specimens will be measured in the next part to compare 
the produced test specimen hardness with requested hardness.  
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4.2.3.3 Verification of hardness of test specimens 
The hardness measurement method was described in chapter 2.2.4. In order to measure 
the hardness of a test specimen, its thickness should be more than 6 mm. Therefore, 
only the compression test specimens have the possibility of hardness measurement 
because of their geometry and size.  
The (ASTM D2240, 2015) standard is considered as the hardness measurement method 
with some small changes according to the limitation of pad hardness measurement. In 
the measurement of the pad hardness, the suggested load with a value of 1 kg is not 
applied. The measurement of pad hardness with the use of this load is not possible 
because of the pad geometry. In this case, Durometer is located perpendicular on one 
surface of a pad according to the standard. Then, Durometer is pressed on the pad 
surface in perpendicular direction. It is continued until the appearance of a complete 
contact between the flat circular surface of presser foot and the surface of the 
measurement area. Afterwards, this situation is kept constant for a while which is called 
holding time. A holding time of 1 ± 0.1 s is used to read the Durometer value. The 
holding time can be changed according to the agreement between supplier and user 
(ASTM D2240, 2015). So, the same method is used to measure the hardness of 
cylindrical test specimens.   
In this case, the hardness of three test specimens is measured for each hardnesse. Table 
4-3 shows the results of measurements. The ordered hardness is the hardness value 
which was ordered at Tampo-Technik company for production. The measured hardness 
is a range between minimum and maximum values which their hardnesses are 
measured.  
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Table 4-3: The comparison of hardness between the ordered and prepared compression test 
specimens.   
Ordered hardness 
(Shore A) 
Prepared hardness (Shore A) 
Minimum Maximum Tolerance 
3 2.5 3.5 ±0.5 
6 5 7 ±1 
12 13 13 +1 
18 19 19 +1 
A distance between minimum and maximum values of hardnesses which are shown in 
this table, is less than or equal to 1 Shore A. It is mentioned that a tolerance of 
±1 Shore A in the measurement device is acceptable according to standard notifications 
(ASTM D2240, 2015). So, the hardness of prepared test specimens is in the acceptable 
range. 
4.2.4 Test method execution 
The following test setups are selected according to chapter 4.1.  
Uniaxial tensile test setup 
The dumb-bell test specimen type 1 is used to perform the uniaxial tensile test and 
poisson’s ratio test. The test length of 25 mm is marked symmetric to the center point of 
test specimen according to related standards (ASTM D412, 2016; ISO 37, 2012). Figure 
4-16 (a) displays this test specimen. 
In order to investigate the stress-strain behavior of silicone rubber the cyclic uniaxial 
tensile test is performed. Each cycle shows an increasing strain (loading or extension) 
and decreasing strain (unloading or retraction) in time. According to cyclic load 
application the different strain steps in the special number of iterations were applied. In 
this case, four different strain steps 30%, 70%, 110% and 140% are considered. The pad 
usually is deformed less than 50% during the printing process based on experience, but 
in order to use the test results for new designed pads and to get a better understanding 
for the silicone rubber behavior, the described values of strain steps are the choice. In 
each step, the loading-unloading process is repeated three times to have three iterations. 
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Totally, 12 cycles were executed. Figure 4-14 shows the strain changes of one test 
specimen according to test time as an example in order to describe the uniaxial tensile 
cycles and their iterations. It is a cyclic uniaxial tensile test performance method which 
is selected to detect mechanical specification of silicone rubber material with different 
hardnesses in a uniaxial tensile test. 
 
Figure 4-14: The uniaxial tensile test cycles (loading-unloading) procedure. It shows strain versus 
time. It consists of 12 test cycles in four different strain steps (30%, 70%, 110% and 140%) that is 
executed on each test specimen. 
In each strain step the hysteresis and Mullins effect are the parameters that can be 
appeared. Some other rubber specifications that do not affect on silicone rubber 
behavior during printing will not be discussed. More descriptions about other rubber 
specifications are described in (Bauman, 2012).  
To calculate the results, an average value between test results of three different cycles of 
each step is calculated. Then, test results of three different test specimens will be 
averaged to get the strain-stress curve. Further, in the same method, in different test 
specimens between different test cycles results, minimum and maximum values are 
calculated which it is considered as a deviation of the test results.   
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Uniaxial compression test setup 
Here, the compression test is performed according to ISO 7743 which was described in 
chapter 4.1.3. In the compression test, the type B test specimens which has a cylindrical 
shape with diameter 17.8 ± 0.15 mm and height 25 ± 0.25 mm is used. Figure 4-16 (b) 
shows this test specimen. The test method C is executed for compression test.  
In this test method, four cycles with the strain step of -25% are executed on a test 
specimen with a special hardness which is shown in Figure 4-15. Then, the last cycle is 
selected as a compression test result of this test specimen. Afterwards, the same process 
will be performed for two more test specimens with the same hardness. Thereafter, a 
median, minimum and maximum of test results for these three test specimens is 
calculated. These values are considered as the compression test result for this hardness.   
 
Figure 4-15: The compression test cycles (loading-unloading) procedure. The axis are strain versus 
time. It consists of four test cycles with -25% strain that is executed on each test specimen.  
In this test method, the force will be divided by the original cross-section area to 
calculate the strain. The compression strain is expressed as the test specimen’s 
deformation divided by the original dimension in the direction of applied force (ISO 
7743, 2011). 
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Uniaxial planar test setup 
The planar test specimen with test width 60 mm, test length 8 mm and thickness 1.7 mm 
is produced and marked to perform the planar tensile test. Figure 4-16 (c) illustrates the 
planar test specimen. The test method in planar test is similar to the uniaxial tensile test. 
In this case, the shape of the test specimen is displayed in Figure 4-5 (c). In this figure, 
the dashed line on the test specimen schema shows the test length that is marked in test 
execution. The test method and test specimen dimensions were described in above 
chapters 4.1.4 and 4.1.2. A maximum strain of 55% is applied to tension the test 
specimen. 
Poisson’s ratio calculation setup 
According to chapter 4.1.5, the transverse strain is calculated during the execution of 
tensile test to calculate Poisson’s ratio. The video extensometer system measures the 
width changes of test specimens in a perpendicular direction to axial movement. The 
test specimen and test setup is similar to uniaxial tensile test which was described 
above. Figure 4-16 (a) displays this test specimen.  
 
 
 
(a) (b) (c) 
Figure 4-16: The dimensions of selected test specimens. The dumb-bell test specimen type 1 (a), 
cylindrical test specimen type B (b) and planar test specimen (c) are shown here. The dashed line on 
test specimen in (c) shows the test length. The dimension unit is mm. 
In order to decrease the measurement and material properties errors for all hardnesses 
(3, 6, 12 and 18 Shore A) and for each test type (uniaxial tensile, uniaxial compression, 
planar tensile and poisson’s ratio tests), at least three test specimens are tested. 
Equation (4-3) shows the calculation method of stress considered for all test results. 
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0
F
A
   (4-3) 
The stress is displayed by σ parameter in this equation. An engineering stress is 
presented for stress values according to related standards for uniaxial tensile, uniaxial 
compression and planar tests. So, an original cross-sectional area of a test specimen is 
considered as A0 parameter. The force sensor of the test machine measures an applied 
force on the test specimen. It is shown by F parameter in equation (4-3).  
A description of abbreviation letters of different test specimens is displayed in Table 
4-4. There are different test specimens which are used in different test methods. This 
abbreviation shows a test specimen hardness, geometry and number which are located 
instead of first, second and third letters. First position (“S”) is a position for amount of 
test specimen hardness. Second position is related to geometry of test specimen. The 
geometry depends on the test method. It is shown with “T”, “C” and “P” for uniaxial 
tensile, compression and planar tests. The third position is related to the test specimen 
number. The test specimen number is related to each of three test specimens which have 
the same geometry and hardness. It is shown with 1, 2 and 3. “123” in third position 
shows an average in the test results of test specimens with numbers of 1, 2 and 3.     
Table 4-4: The description of abbreviation letters used in test results. The “No.” in the column of 
parameters is an abbreviation for number.   
Test method 
Test specimen 
geometry 
Abbreviation Parameters 
Uniaxial 
tensile test  
ST_n S = 3, 6, 12, 18 
Shore A hardness 
 
 
n = 1, 2, 3, 123 
1, 2, 3: Test specimen No. 
123: Average of  test 
specimens No. 1, 2 and 3. 
Uniaxial 
compression 
test 
 
SC_n 
Planar 
tensile test 
 
SP_n 
The measurement setup was described above in different parts. Afterwards, the test 
results are presented in the next part. 
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4.3 Test results of silicone rubber material 
4.3.1 Results of uniaxial tensile tests 
Here, the strain-stress calculation method for 3 Shore A silicone rubber is described in 
detail and afterwards for other hardnesses only the final results will be described. There 
are general rules and notations in the following figures which are described here for all. 
The vertical axis is the stress in MPa and the horizontal axis is the strain which should 
be multiplied by 100 to get the percentage values of strain. The four vertical dashed 
lines show the strain steps. The “Test specimen No.” describes the name (which 
classified by numbers) of the test specimen. The hardness of test specimens is written in 
“Shore A”. There are three different colors and line types for the curves. The black solid 
lines, pink dashed lines and turquoise dashed lines are related to average, minimum and 
maximum stress values in the groups of data which are averaged. The curves in each 
figure relate to different test cycles for each test specimen (e.g. Test specimen No. 1) or 
the average of results of different test specimens (e.g. Test specimens No. 1, 2, 3).  
Figure 4-17 shows the stress-strain results of the applied strain in 12 different cycles 
that was described in Figure 4-14. 
In Figure 4-14, there are four different strain steps 30%, 70%, 110% and 140% which 
each of them is repeated three times. So, a cycle of loading-unloading with the strain 
step of 30% is repeated for three times on a test specimen with the name of “No. 1”. 
Therefore, there are three stress-strain data for the test specimen “No. 1” according to 
three times of test repetition for the strain step of 30%. Then, an average, minimum and 
maximum between these three strain-stress data are calculated. Thereafter, for other 
steps of strain which are 70%, 110% and 140%, the same calculation process for the test 
specimen “No. 1” is performed. The results are displayed in Figure 4-17.  
Each test cycle in strain steps of Figure 4-14 consists of two parts which are called 
loading and unloading. So, each loading and unloading parts have their own average, 
minimum and maximum strain-stress curves. Therefore, the minimum or maximum 
curves have a loading-unloading form, separately. This is the reason of observation of 
more than one minimum or maximum curve in the figures. So, there are average, 
minimum and maximum curves for loading in strain-stress results of Figure 4-17. In 
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addition, the average, minimum and maximum curves for unloading are observed in this 
figure.      
 
Figure 4-17: The stress-strain behavior of test specimen No. 1 with 3 Shore A hardness. It shows the 
minimum and the maximum deviation of stress values in addition to average stress for uniaxial 
tensile test cycles of Figure 4-14. The abbreviation letters were described in Table 4-4.  
So, it shows the minimum and the maximum deviation of stress values in addition to 
average stress for three repetitions of cycles in each strain step. The deviation in the 
repetitions is very small. So, the stress-strain behavior does not change significantly 
when the material is used multiple times. The hysteresis effect is ignored, because the 
loading-unloading curves are nearly located on each other. There is not any Mullins 
effect because the curves have the same behavior in different strain steps. 
Figure 4-17 is only related to one test specimen (No. 1) of 3 shore A hardness. Figure 
4-18 shows the test results for specimens No. 2 and No. 3 with the same process as 
described in Figure 4-17. The strain-stress curves in these figures are not single lines 
because of the execution of loading-unloading tests. There is similarity in the test 
processes and there is a small deviation between the minimum, maximum and average 
curves. So, the curves are shown in smaller scale in the following to increase the 
efficiency of this dissertation.   
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Figure 4-18 shows the stress-strain behavior of silicone rubber with hardness of 
3 Shore A. This figure relates to measured test data for two different test specimens 
with names of “Test specimen No. 2” and “Test specimen No. 3” which are shown in 
Figure 4-18 (a) and Figure 4-18 (b). The dashed line shows the maximum and minimum 
values of stress-strain and the solid line shows its average value. They are related to 
iteration of the same test process in each strain step for three times. There is a small 
deviation between the average curve and curves of minimum and maximum in both test 
specimens after repeating the test in each strain step for three times. It shows a high 
accuracy in measurement method because of similarity in test results after three times 
repetitions. 
  
(a) (b) 
Figure 4-18: The stress-strain behavior of test specimen No. 2 (a) and No. 3 (b) with 3 Shore A 
hardness. It shows the minimum and the maximum deviation of stress values in addition to average 
stress for uniaxial tensile test cycles of Figure 4-14. The abbreviation letters were described in 
Table 4-4.    
Afterwards, an average value of the stress-strain behavior of all three test specimens 
(Figure 4-17, Figure 4-18 (a) and Figure 4-18 (b)) is calculated and is shown in Figure 
4-19. It describes the stress-strain behavior of silicone rubber with hardness of 
3 shore A. This figure gives an average value and the deviations of the experimental test 
results of three different test specimens which twelve test cycles (loading-unloading) in 
four different strain steps according to Figure 4-14 was performed on each of them. 
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Figure 4-19: The uniaxial tensile stress-strain behavior of silicone rubber with hardnesses of 
3 Shore A. The curves show the minimum and the maximum deviation of stress values in addition 
to the average stress for hardness of 3 Shore A. It is achieved with three repetitions of cycles in each 
strain step for three different test specimens. The abbreviation letters were described in Table 4-4. 
This method is performed for other hardnesses, too. Figure 4-20 (a), Figure 4-20 (b) and 
Figure 4-20 (c) display the stress-strain behavior of silicone rubber with 6, 12 and 
18 Shore A hardnesses. Here, the stress-strain behavior during a uniaxial tensile test, 
shows a nonlinear behavior. This issue confirms the nonlinear behavior of silicone 
rubber as a hyperelastic material for different hardnesses.       
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(a) 
  
(b) (c) 
Figure 4-20: The uniaxial tensile stress-strain behavior of silicone rubber with hardnesses of 6 (a), 
12 (b) and 18 (c) Shore A. In each segment of the figure, curves show the minimum and the 
maximum deviation of stress values in addition to the average stress for related hardness. In each 
hardness, it is achieved with three repetitions of cycles in each strain step for three different test 
specimens. The abbreviation letters were described in Table 4-4. 
Figure 4-21 shows comparative diagrams of stress-strain curves with different 
hardnesses. The average of the measurements clarifies some material characterizes. The 
hardness increase of silicone rubber leads to an increase of stress in different steps of 
strain in a uniaxial tensile test. It means, in the same strain value, the required stress to 
tension a silicone rubber specimen with more Shore A hardness is more than for one 
with less Shore A. The harder pad has less tension during the tension of silicone rubber 
in the printing process with the use of same printing force per unit of element area. The 
pad deformation is usually less than 50% during the printing process. So, the strain 
working area for printing process can be considered till 70% and other data are more 
related to find the behavior of silicone rubber. In Figure 4-21, specially till 70% strain 
step, there is not a perceptible hysteresis effect, because there is not a sensible 
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difference between the stress of loading and unloading in the same strain value. In this 
range, when passing through the same loading and unloading path in different strain 
steps, the Mullins effect does not appear, too.  
    
Figure 4-21: The uniaxial tensile stress-strain behavior of silicone rubber for hardnesses of 3, 6, 12 
and 18 Shore A. The figure consists of the averaged data of different test specimens for each 
hardness. The abbreviation letters were described in Table 4-4.   
The results of silicone rubber uniaxial tensile test with hardnesses of 3, 6, 12 and 
18 Shore A were explained above. The compression test results are described in the next 
part. 
4.3.2 Results of uniaxial compression tests 
Figure 4-22 (a), (b), (c) and (d) show the compression results of silicone rubber 3, 6, 12 
and 18 Shore A. It is a compression test performance method which is selected to detect 
mechanical specification of silicone rubber material with different hardnesses. 
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The stress value and related deviations (minimum and maximum stress) are presented in 
Figure 4-22. The small deviation in the results, presents a high similarity between the 
different test specimens in each hardness and it shows the stability of measurements in 
each hardness. 
  
(a) (b) 
  
(c) (d) 
Figure 4-22: The compression stress-strain behavior of silicone rubber with hardnesses of 3 (a), 6 
(b), 12 (c) and 18 (d) Shore A. In each segment of the figure, curves show the minimum and the 
maximum deviation of stress values in addition to the average stress for related hardness. In each 
segment, three different test specimens were examined. The abbreviation letters were described in 
Table 4-4. 
The comparative curves of silicone rubber compression tests are given in Figure 4-23. 
Here, the stress-strain compression curves are plotted.  
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Figure 4-23: The compression stress-strain behavior of silicone rubber with hardnesses of 3, 6, 12 
and 18 Shore A. The curves behaviors clarify the increase in stress with an increase of hardness in 
the same strain. The abbreviation letters were described in Table 4-4. 
The uniaxial compression test results can be used to predict the compression behavior of 
silicone rubber during the applied force in the indirect gravure printing process.     
4.3.3 Results of planar tests 
Figure 4-24 (a), (b), (c) and (d) display the minimum, maximum and average stress-
strain curves of the planar tests of specimens having 3, 6, 12 and 18 Shore A 
hardnesses. The results can be used to evaluate the material behavior in the simulation 
of the indirect gravure printing process. In different hardnesses, the stress increases with 
strain increment.  
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(a) (b) 
  
(c) (d) 
Figure 4-24: The planar tensile stress-strain behavior of silicone rubber with hardnesses of 3 (a), 6 
(b), 12 (c) and 18 (d) Shore A. The average, minimum and maximum stress-strain curves of 
different hardnesses are presented in the figure. The abbreviation letters were described in Table 
4-4.    
Figure 4-25 shows the planar tensile test results for different hardnesses, averaged from 
three test specimens for each hardness. A maximum strain of nearly 50% will be 
considered in the simulation process and the cycle that is related to a strain of 55% is 
considered for evaluations. Also, these curves show the increase in stress with the 
increase of silicone rubber hardness in constant strain. For example, higher pressure 
should be applied to tension a planar specimen with hardness of 18 Shore A in 
comparison with the hardness of 3 Shore A while the same strain will be achieved. 
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Figure 4-25: The planar stress-strain behavior of silicone rubber with hardness of 3, 6, 12 and 
18 Shore A. The stress values are measured here from cycles with a maximum strain of 55%. The 
curves behaviors clarify the increase in stress with an increase of hardness in the same strain. The 
abbreviation letters were described in Table 4-4.   
4.3.4 Calculation of Poisson’s ratio    
In chapter 4.1.5 the Poisson’s ratio and its calculation method by use of transverse and 
axial strains were described. A transverse strain is a strain in a direction perpendicular 
to the direction of axial strain. An axial strain is the strain in axial direction during an 
execution of the uniaxial tensile test. The transverse strain is calculated in the uniaxial 
tensile test by dividing the width changes of test specimen by original width. The width 
of the test specimen is decreased during the execution of the uniaxial tensile test. It 
leads to achieve negative values for transverse strain.  
Figure 4-26 is related to transverse strain versus the axial strain. The black solid line 
shows an average of test results. The average of test results of this figure is achieved 
with calculation of an average between the axial-transverse strain test results of three 
test specimen with same hardness and geometry. According to Table 4-4, it is called 
“S”T_123. Here, “S” is the silicone rubber hardness in Shore A. T_123 means an 
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average (123) between the test results of three test specimens with the same geometry 
and hardness  in uniaxial tensile test method (T).      
Further, in Figure 4-26, the related functions with the nonlinear curve fitting method 
based on “S”T_123 axial-transverse strain curves are calculated as Polynomial functions 
of second degree (see equation (4-4)), which related parameters are described in Table 
4-5. The related curves to these functions are shown by red dashed lines in Figure 4-26. 
An abbreviation with a form of “S”T_NLF is related to the results of a nonlinear curve 
fitting method (“NLF”) for tensile test (“T”) with a hardness of “S” Shore A. In this 
case, “S” is replaced with Shore A hardness value. Here, “S”T_NLF curves are 
calculated based on “S”T_123 curves with a nonlinear curve fitting method. For 
example, according to Figure 4-26 (a), 3T_NLF is related to an axial-transverse strain 
curve of silicone rubber material with hardness of 3 Shore A in a tensile test method 
which is calculated according to nonlinear curve fitting method. 3T_NLF curve is 
calculated based on 3T_123 axial-transverse strain curve by a nonlinear curve fitting 
method.  
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(a) (b) 
  
(c) (d) 
Figure 4-26: The transverse strain versus the strain for 3, 6, 12 and 18 Shore A hardnesses in (a), 
(b), (c) and (d) are shown here. In each diagram, the black solid line and the red dashed line curves 
are related to average and its nonlinear calculated function, respectively. The average curve is 
achieved from 3 different test specimen measurement results. The nonlinear calculated curve is a 
Polynomial function of order two.  
The nonlinear calculated curves in Figure 4-26 were fitted very well on the average 
curves. The nonlinear function in equation (4-4) is used to calculate the transverse strain 
of Ɛt for each axial strain value of Ɛa. Then, it can be used to calculate the poisson’s ratio 
for the defined strain values according to the standard (ASTM D638, 2014). In equation 
(4-4), Ɛt and Ɛa are the transverse strain and the axial strain. The a1, a2 and a3 are the 
nonlinear fitting function indexes. The equation parameters are calculated with 
nonlinear curve fitting method for different hardnesses based on the axial-transverse 
strain test results. The test results are shown by names with “S”T_123 format in Figure 
4-26. The calculated functions according to this method are second degree Polynomial 
functions. They are shown by names with “S”T_NLF format in Figure 4-26.       
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1 2 3t a aa a a      (4-4) 
Table 4-5 describes the nonlinear fitting function parameters of equation (4-4). The 
coefficient of determination (R
2
) is 0.999 and mean squared error (MSE) is very small 
for the different functions, it proves that the functions are fitted very well with the test 
results.  
Table 4-5: The calculated poisson’s ratio and parameters of second degree Polynomial fitting 
function of axial-transverse strain experimental results. It is classified for different Shore A 
hardnesses. The a1, a2 and a3 are the function indexes. MSE is the mean squared error.  
Shore A 3 6 12 18 
Poisson’s ratio 0.5035 0.4673 0.4621 0.4725 
Nonlinear 
fitting 
function 
parameters 
a1 0.0018 0.0011 -0.0019 0.0016 
a2 -0.5042 -0.4679 -0.4627 -0.4731 
a3 0.1562 0.1517 0.1508 0.1610 
MSE 9.1680E-06 5.1299E-06 5.7322E-06 1.2464E-05 
Finally, the equation (4-4) leads to calculate the transverse strain for desired axial strain 
values in different hardnesses. Then, Poisson’s ratio is calculated by use of equations of 
(4-2) and (4-4). So, a constant value as Poisson’s ratio for each hardness is reported in 
Table 4-5 according to these equations and refer to related standard ASTM D638 
(2014). The calculated Poisson’s ratios for silicone rubber with different hardnesses are 
near to 0.5. It shows that the silicone rubber as pad material is an incompressible 
material.     
4.4 Selection of silicone rubber pad material model 
There are different material models for silicone rubber as a hyperelastic material such as 
Polynomial, reduced Polynomial and Ogden models. In this part, the most fitted model 
to experiments for each hardness of silicone rubber will be selected according to the 
following method.  
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4.4.1 Method of material model selection 
A material model describes the type of strain energy function (and constitutive model) 
in the hyperelastic material for different hardnesses according to the test results of the 
material. There are different material models such as Polynomial, reduced Polynomial 
and Ogden models in different orders. These models are calculated according to test 
results of chapter 4.3 and the use of the general equation (2-30) that was divided into 
equations (2-34), (2-37) and (2-39) for different test methods. In the following, a 
method to select the most accurate material model between the possible material models 
is presented.  
The loading part of the test cycle from different test methods are usually used to 
evaluate a hyperelastic material model (Simulia, 2013a). Here, the loading part of the 
test cycle is called an experiment.  
The suitable hyperelastic material model is selected according to experiment result. In 
this case, a material model is selected which fits more with experiment result. R-squared 
factor is called the coefficient of determination. It is used to find the model which is 
more fitted to the experiment and it is called model selection. According to (Dispersyn 
et al, 2017; Shahzad et al, 2015), R-squared is calculated with use of equation (4-5). 
Here, equation (4-6) and (4-7) explain the summation of square errors from the model 
(SSreg) and the sum of the square deviation around the test results average (SStotal). The 
σi
test
,
 σi
model
 and σi
avg_test
 are stress values in i
th
 element of strain for test results, model 
results and the average of test results, respectively.  
1
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In following, the selection of silicone rubber material model with hardness of 3 Shore A 
is described in detail. In this case, Figure 4-28 and Figure 4-27 show the different 
possible hyperelastic material models in comparison with the uniaxial tensile and 
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compression test results of silicone rubber material with hardness of 3 Shore A. In this 
chapter, the figures for selection of silicone rubber material model with other hardnesses 
are not presented because of similarity in curves behaviors. These figures will be 
presented in Appendix A1.  
Afterwards, for selection of silicone rubber material model, the accuracy of fit 
parameters for different models are calculated according to the equation (4-5), (4-6) and 
(4-7) and reported in the tables of this chapter. In these tables, the R-squared is an 
appropriate parameter to compare the fitting of different hyperelastic material models 
with experiments result.    
This chapter is a part of simulation results verification because it establishes the fitted 
material model to experiment result to perform simulation.  
In the following, different material models for each hardness of silicone rubber are 
presented according to the test results in chapter 4.3. The basic knowledge about 
different models of hyperelastic materials was described in chapter 2.3.      
4.4.2 Selection of silicone rubber material model with 3 Shore A 
hardness 
In this part, Figure 4-27 and Figure 4-28 show curves of the Polynomial (Poly), reduced 
Polynomial (R_Poly) and Ogden models in different order numbers (N). The dashed 
lines with +, x and o symbols show the Polynomial, reduced Polynomial and Ogden 
curves. The red, green, blue, violet, turquoise and gray colors define the order numbers 
of 1 till 6. These models are calculated according to experiment result (black solid 
curves) with the use of the general equation (2-30) that was divided into equations 
(2-34), (2-37) and (2-39) for different test methods. These equations were described in 
chapter 2.3.1.    
Figure 4-27 and Figure 4-28 show the diversity of 14 different hyperelastic material 
models with tensile test and compression test data. In these figures, the black solid line 
is the loading part of the test cycle and it is called Experiment in the figure legend. The 
Experiment curve in Figure 4-27 is reached from the loading part of the last cycle in the 
uniaxial tensile test with hardness of 3 Shore A which was shown in Figure 4-20 (a). 
The Poly_N2 (green dashed line with + symbol) is the nearest model to Experiment 
curve in Figure 4-27.  
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Figure 4-27: The different possible hyperelastic material models in comparison with the tensile test 
results of 3 Shore A. The stress-strain behavior of different models and related curves are described 
here. The black solid line was achieved from uniaxial tensile test results for 3 Shore A. The dashed 
lines describe different model results.  
The Experiment curve in Figure 4-28 is related to the loading part of the uniaxial 
compression test with hardness of 3 Shore A which was shown in the Figure 4-22 (a). 
Other curves display the hyperelastic material models which are achieved according to 
the equations in chapter 2.3.2. Also here, the Poly_N2 (green dashed line with + 
symbol) is the nearest model to the compression test results with hardness of 3 Shore A, 
in Figure 4-28.     
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Figure 4-28: The possible hyperelastic material models and the compression test results of 
3 Shore A. The stress-strain behavior of different models and related curves are described here. 
The black solid line was achieved from compression test results for 3 Shore A. The dashed lines 
describe different model results.  
Table 4-6 clarifies the accuracy of the fits for different hyperelastic material models 
compared to test results. The R-squared is a suitable quantitative parameter to find the 
model which is more fitted to test results. The summation of square errors (SSreg) and 
root mean square errors (RMSE) are also described in this table. For the Polynomial 
model of degree 2 (Polynomial order 2), both errors are the smallest and the coefficient 
of determination R-squared is the nearest value to 1 in comparison with other models. 
The Polynomial order 2 model is presented by equation (4-8). It is achieved when N is 
equal to 2 in equation (2-41).   
2 2
2
1 2
1 1
1
( 3) ( 3) ( 1)i j iij
i j i i
W C I I J
D  
       (4-8) 
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Table 4-6: The accuracy of fit parameters for different models in comparison with tension and 
comparission test results of 3 shore A silicone rubber. The SSreg, R-squared and RMSE are a 
summation of square errors from the model, the coefficient of determination and root mean square 
error, respectively.   
 
Tension Compression 
SSreg R-squared  RMSE SSreg R-squared  RMSE 
Poly_N1 5.420E+11 -3.100E+00 9.931E+04 2.050E+10 9.939E-01 1.602E+03 
Poly_N2 1.230E+10 9.071E-01 1.495E+04 6.600E+09 9.980E-01 9.082E+02 
R_Poly_N1 5.160E+11 -2.899E+00 9.685E+04 1.070E+13 -2.207E+00 3.662E+04 
R_Poly_N2 1.090E+13 -8.125E+01 4.448E+05 7.230E+11 7.838E-01 9.507E+03 
R_Poly_N3 1.370E+12 -9.374E+00 1.580E+05 8.710E+11 7.397E-01 1.043E+04 
R_Poly_N4 2.410E+12 -1.718E+01 2.091E+05 3.890E+11 8.837E-01 6.973E+03 
R_Poly_N5 1.220E+12 -8.256E+00 1.492E+05 2.660E+11 9.206E-01 5.762E+03 
R_Poly_N6 3.940E+11 -1.978E+00 8.465E+04 3.370E+11 8.993E-01 6.488E+03 
Ogden_N1 3.790E+11 -1.868E+00 8.306E+04 2.510E+12 2.503E-01 1.770E+04 
Ogden_N2 4.180E+12 -3.057E+01 2.756E+05 2.140E+11 9.361E-01 5.168E+03 
Ogden_N3 1.780E+12 -1.249E+01 1.801E+05 4.810E+10 9.856E-01 2.453E+03 
Ogden_N4 8.820E+11 -5.667E+00 1.266E+05 1.470E+11 9.562E-01 4.279E+03 
Ogden_N5 5.940E+11 -3.489E+00 1.039E+05 1.260E+11 9.625E-01 3.961E+03 
Ogden_N6 3.880E+11 -1.933E+00 8.400E+04 8.020E+10 9.760E-01 3.166E+03 
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Table 4-7: The Polynomial order 2 (Poly_N2) model coefficients according to experiment results of 
silicone rubber 3 Shore A. The Polynomial order 2 model is described by equation (4-8).  
D1 C10 C01 C11 
0.0000 -1.352E+4 2.631E+4 1.165E+5 
D2 C20 C02  
0.0000 -3.762E+4 -5.861E+4  
Figure 4-27, Figure 4-28 and Table 4-6 show the selection of different models 
compared to the test results for silicone rubber with hardness of 3 Shore A. So, the 
Polynomial model of degree 2 with coefficients described in Table 4-7 is the model 
which fits best to experiment results and it can be used in simulation of silicone rubber 
pad behavior with hardness of 3 Shore A.   
4.4.3 Selection of silicone rubber material model with 6 Shore A 
hardness 
Table 4-8 shows quantitatively the similarity of different hyperelastic material models 
with test results. The R-squared is an appropriate parameter to compare them and find 
the model which is more fitted to test results. For the Polynomial model of degree 2, the 
SSreg and the RMSE are the smallest and the R-squared is the nearest value to 1 in 
comparison with other models. So, this model is selected.  
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Table 4-8: The accuracy of fit parameters for different models in comparison with tension and 
compression test results of 6 shore A silicone rubber. The SSreg, R-squared and RMSE are a 
summation of square errors from the model, the coefficient of determination and root mean square 
error, respectively.  
 
Tension Compression 
SSreg R-squared  RMSE SSreg R-squared  RMSE 
Poly_N1 8.890E+11 -1.717E+00 1.179E+05 4.300E+10 9.917E-01 2.320E+03 
Poly_N2 1.920E+10 9.413E-01 1.732E+04 9.530E+09 9.982E-01 1.092E+03 
R_Poly_N1 6.900E+11 -1.108E+00 1.038E+05 1.020E+13 -9.640E-01 3.565E+04 
R_Poly_N2 1.440E+13 -4.286E+01 4.736E+05 7.220E+11 8.605E-01 9.503E+03 
R_Poly_N3 1.610E+12 -3.931E+00 1.588E+05 9.010E+11 8.258E-01 1.062E+04 
R_Poly_N4 2.510E+12 -6.680E+00 1.982E+05 4.070E+11 9.213E-01 7.138E+03 
R_Poly_N5 1.100E+12 -2.362E+00 1.311E+05 3.380E+11 9.347E-01 6.501E+03 
R_Poly_N6 4.590E+11 -4.019E-01 8.468E+04 3.960E+11 9.235E-01 7.038E+03 
Ogden_N1 6.910E+11 -1.110E+00 1.039E+05 1.360E+12 7.367E-01 1.306E+04 
Ogden_N2 5.680E+12 -1.636E+01 2.980E+05 2.580E+11 9.500E-01 5.686E+03 
Ogden_N3 2.390E+12 -6.301E+00 1.932E+05 6.840E+10 9.868E-01 2.927E+03 
Ogden_N4 1.120E+12 -2.429E+00 1.324E+05 2.040E+11 9.605E-01 5.057E+03 
Ogden_N5 7.880E+11 -1.407E+00 1.110E+05 1.680E+11 9.675E-01 4.590E+03 
Ogden_N6 5.490E+11 -6.755E-01 9.258E+04 9.860E+10 9.809E-01 3.513E+03 
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Table 4-9: The Polynomial model order 2 (Poly_N2) coefficients according to test results of silicone 
rubber 6 Shore A. The Polynomial order 2 model is described by equation (4-8). 
D1 C10 C01 C11 
3.270E-06 -8.234E+03 2.696E+04 1.252E+05 
D2 C20 C02  
0.000E+00 -3.976E+04 -6.210E+04  
It can be concluded from Table 4-8 that the Polynomial model of degree 2 with 
described coefficients in Table 4-9 is the model which is more fitting to 6 Shore A 
silicone rubber test results. So, these results validate the Polynomial of degree 2 
material model to be used in the simulation process of the silicone rubber pads with a 
hardness of 6 Shore A.   
The figures of hyperelastic material models in comparison with the tensile and 
compression test results are positioned in Appendix A1 for more studies. 
4.4.4 Selection of silicone rubber material model with 12 Shore A 
hardness 
Table 4-10 shows the R-squared, SSreg and RMSE of different hyperelastic material 
models compare to the test results. By considering the minimum value for the errors and 
nearest value of R-squared to 1, the appropriate model is selected. So, the Polynomial 
model of degree 2 for 12 Shore A silicone rubber material model is selected, too. 
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Table 4-10: The accuracy of fit parameters for different models in comparison with tension and 
compression test results of 12 shore A silicone rubber. The SSreg, R-squared and RMSE are a 
summation of square errors from the model, the coefficient of determination and root mean square 
error, respectively.  
      
Tension Compression 
SSreg R-squared  RMSE SSreg R-squared  RMSE 
Poly_N1 1.970E+12 -2.605E+00 1.343E+05 1.640E+11 9.889E-01 4.496E+03 
Poly_N2 6.970E+10 8.723E-01 2.529E+04 8.730E+10 9.941E-01 3.279E+03 
R_Poly_N1 2.380E+12 -3.364E+00 1.478E+05 5.150E+13 -2.489E+00 7.963E+04 
R_Poly_N2 4.850E+13 -8.789E+01 6.671E+05 6.280E+12 5.742E-01 2.782E+04 
R_Poly_N3 8.710E+12 -1.497E+01 2.827E+05 3.380E+12 7.708E-01 2.041E+04 
R_Poly_N4 4.190E+12 -6.683E+00 1.961E+05 2.380E+12 8.391E-01 1.710E+04 
R_Poly_N5 3.320E+12 -5.080E+00 1.745E+05 1.140E+12 9.226E-01 1.186E+04 
R_Poly_N6 1.020E+12 -8.728E-01 9.682E+04 1.650E+12 8.880E-01 1.427E+04 
Ogden_N1 1.780E+12 -2.254E+00 1.276E+05 1.970E+13 -3.340E-01 4.924E+04 
Ogden_N2 9.930E+12 -1.719E+01 3.018E+05 2.190E+12 8.515E-01 1.643E+04 
Ogden_N3 5.430E+12 -8.945E+00 2.231E+05 7.200E+11 9.512E-01 9.415E+03 
Ogden_N4 2.220E+12 -3.075E+00 1.428E+05 1.030E+12 9.304E-01 1.125E+04 
Ogden_N5 1.770E+12 -2.240E+00 1.274E+05 7.910E+11 9.464E-01 9.866E+03 
Ogden_N6 1.110E+12 -1.042E+00 1.011E+05 5.140E+11 9.652E-01 7.952E+03 
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Table 4-11: The Polynomial model order 2 (Poly_N2) coefficients according to test results of 
silicone rubber 12 Shore A. The Polynomial order 2 model is described by equation (4-8).   
D1 C10 C01 C11 
3.799E-06 -5.866E+04 8.030E+04 2.394E+05 
D2 C20 C02  
0.000E+00 -7.628E+04 -1.257E+05  
Between different models the Polynomial model of degree 2 with described coefficients 
in Table 4-11 is selected to use in the simulation process as the material model for 
silicone rubber having a hardness of 12 Shore A.  
The figures of hyperelastic material models in comparison with the tensile and 
compression test results are positioned in Appendix A1 for more studies. 
4.4.5 Selection of silicone rubber material model with 18 Shore A 
hardness 
To simulate the silicone rubber pad behavior, the different hyperelastic material models 
can be applied.  
The accuracy of different models versus the experiment results is described in Table 
4-12 numerically. It shows the R-squared as an appropriate parameter to compare 
different models and find the model which is more fitted to test results. The model 
which has the nearest R-squared value to 1 with  the smallest values of  SSreg and 
RMSE, is chosen. So, this situation can be fulfilled with the Polynomial model of 
degree 2.  
The coefficients of Polynomial model of degree 2 of silicone rubber 18 Shore A are 
clarified in Table 4-13.   
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Table 4-12: The accuracy of fit parameters for different models in comparison with tension and 
compression test results of 18 shore A silicone rubber. The SSreg, R-squared and RMSE are a 
summation of square errors from the model, the coefficient of determination and root mean square 
error, respectively.  
      
Tension Compression 
SSreg R-squared  RMSE SSreg R-squared  RMSE 
Poly_N1 5.790E+12 -2.813E+00 3.547E+05 1.840E+11 9.937E-01 4.800E+03 
Poly_N2 1.100E+11 9.277E-01 4.882E+04 6.630E+10 9.977E-01 2.881E+03 
R_Poly_N1 4.850E+12 -2.199E+00 3.248E+05 8.080E+13 -1.769E+00 1.006E+05 
R_Poly_N2 1.060E+14 -6.854E+01 1.510E+06 5.550E+12 8.100E-01 2.635E+04 
R_Poly_N3 1.520E+13 -9.020E+00 5.749E+05 6.760E+12 7.685E-01 2.909E+04 
R_Poly_N4 2.120E+13 -1.299E+01 6.794E+05 3.190E+12 8.906E-01 2.000E+04 
R_Poly_N5 1.170E+13 -6.740E+00 5.053E+05 2.220E+12 9.240E-01 1.667E+04 
R_Poly_N6 3.680E+12 -1.424E+00 2.828E+05 2.830E+12 9.031E-01 1.881E+04 
Ogden_N1 3.710E+12 -1.447E+00 2.841E+05 1.390E+13 5.246E-01 4.168E+04 
Ogden_N2 4.160E+13 -2.642E+01 9.511E+05 1.580E+12 9.457E-01 1.408E+04 
Ogden_N3 1.720E+13 -1.035E+01 6.118E+05 4.900E+11 9.832E-01 7.835E+03 
Ogden_N4 8.540E+12 -4.626E+00 4.308E+05 1.300E+12 9.555E-01 1.276E+04 
Ogden_N5 5.080E+12 -2.347E+00 3.323E+05 1.180E+12 9.597E-01 1.213E+04 
Ogden_N6 3.750E+12 -1.474E+00 2.857E+05 6.180E+11 9.788E-01 8.797E+03 
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Table 4-13: The Polynomial model in order 2 (Poly_N2) coefficients according to test results of 
silicone rubber 18 Shore A. The Polynomial order 2 model is described by equation (4-8). 
D1 C10 C01 C11 
1.583E-06 -5.420E+04 9.289E+04 2.346E+05 
D2 C20 C02  
0.000E+00 -6.332E+04 -1.237E+05  
The figures of hyperelastic material models in comparison with the tensile and 
compression test results are positioned in Appendix A1 for more studies. 
It is concluded from the described hyperelastic material models with 3, 6, 12 and 
18 Shore A hardnesses that the Polynomial model of degree 2 (equation (4-8)) is a 
suitable model to simulate the material behavior of the silicone rubber pads. Briefly, in 
this part the appropriate material model of silicone rubber and the related coefficients of 
this model for different hardnesses were clarified. This model was validated in 
comparison with material test results.  
The automation level of indirect gravure printing process can be improved by 
performing a simulation of the printing process. The material model is an input for the 
simulation process. So, selection of more accurate material model verifies the material 
specifications which are used in the simulation process. In addition to the material 
model, the pad geometry is an important issue to execute the simulation process. So, a 
method to design the pad geometry is described in the next chapter.    
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5 Method of  designing the pad geometry 
According to experts’ knowledge, scientific researches and knowledge of the author, 
until now, there is no mathematical and organized method to design a pad. The pad 
designing process is empirically according to the experiments of experts. Further, the 
production process is expensive because of producing the positive forms with metal 
(Lück, 2017a). So, for the first time, a method for designing a pad is presented here. 
Further, a novelty in the production procedure of pad molds with benefit of reduction in 
the molds production costs are introduced in this chapter.  
The awareness of effective parameters in designing a pad leads to consider possible 
types of pads in each printing case. This awareness of effect of different parameters on 
designing a pad is achieved by mathematical equations. Then, it is possible to select the 
optimized parameters of a pad according to each printing case. Further, their molds can 
be produced in a cost efficient method. Therefore, the printing process can be performed 
with optimized geometry of pad based on each printing condition. It is mentioned that 
the process optimization is related to level 3 of automation levels.      
The pad is a main part in the indirect gravure printing process. It is important to print 
with a pad which its size and geometry are matched with the substrate and printing 
motif. For example, printing on a convex substrate needs a pad with less sharpness in 
comparison with printing on a concave surface. As a further example, a pad size relates 
to printing motif size. For instance, in practice, the pad size is different for a printing 
motif with a diameter of 10 mm in comparison with a diameter of 12 mm.  
Therefore, in this case, first, the mathematical equations of the pad geometry should be 
discovered. Second, a calculator is programmed to calculate the geometrical parameters 
of the pad easily. Third, the pad geometry is drawn according to calculated parameters. 
Finally, the pad mold is prepared and the desired pad can be produced.  
It was described in 2.2.2 that the rectangular geometry of pads is one of the most used 
geometries. So, in this dissertation the pad with rectangular geometry will be 
considered. The goal of this chapter is the introduction of a mathematical method to 
design rectangular pads.  
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5.1 Mathematical equations of the rectangular pad geometry 
The pad designing possibility is needed to design unique pads according to printing 
conditions. Therefore, mathematical relationships between different parameters of pad 
geometry should be investigated to design a pad. Further, the independent variables in 
mathematical equations should be achieved. They are considered as effective 
parameters on pad design. The other parameters can be calculated with the help of 
mathematical equations and effective parameters. In following, mathematical equations 
of the pad with rectangular geometry is presented.        
In this work, the rectangular pad geometry is divided into three different segments. 
They are base, arc and surface (bottom, middle and top) segments that are shown in 
Figure 5-1.   
 
Figure 5-1: The three pad geometry segments of a rectangular pad: base (1), arc (2) and surface (3). 
They are defined to calculate the mathematical equations of each segment, according to their solid 
geometry.  
Base segment 
In Figure 5-2, two planes A1A2A3A4 and B1B2B3B4 are parallel, so the distance between 
them is the constant value h. Therefore, h is the height value of B1 till B4 points. O is the 
center point of the A1A2A3A4 plane and it is located on the center of the used coordinate 
system. O′ is the center point of the B1B2B3B4 plane. O″ is the point on the tip of the 
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pad in segment 3 and it is the highest point of the pad. O, O′ and O″ are located on the 
Z-axis of the coordinate system.  
 
Figure 5-2: The pad base segment. A1, A2, A3, A4 and O are located on the bottom plane. B1, B2, B3, 
B4 and O′ are positioned on the upper plane of the base segment. O″ is the highest point of the pad. 
The XYZ are the axes of the coordinate system. a, b and H are length, width and height of the pad. 
c, d and h are length, width and height of the print area.  
The coordinates of A1 till A4 and B1 till B4 points are the main parameters to calculate 
the base segment solid geometry of the pad. So, the method to calculate them is 
described here.          
Equations (5-1) till (5-5) describe the problem assumptions according to the parameters 
of Figure 5-2 and the rectangular pad features. 
1 2 4 3A A A A a   (5-1) 
2 3 1 4A A A A b   (5-2) 
1 2 4 3B B B B c   (5-3) 
2 3 1 4B B B B d   (5-4) 
OO H   (5-5) 
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In equations (5-1) till (5-5), a, b, c, d and H parameters are called pad length, pad width, 
print area length, print area width and pad height, respectively. They are usually 
introduced as the technical parameters of pads. So, equations (5-6) till (5-9) describe the 
coordinates of A1 till A4 in the base segment. Equation (5-10) is related to coordinates 
of O″ according to equation (5-5). 
1 , ,0
2 2
b a
A
 
 
 
 (5-6) 
2 , ,0
2 2
b a
A
 
 
 
 (5-7) 
3 , ,0
2 2
b a
A
 
 
 
 (5-8) 
4 , ,0
2 2
b a
A
  
 
 
 (5-9) 
 0,0,O H
 
(5-10) 
Figure 5-3 displays the position of base segment angles which are described in 
equations (5-11) till (5-14). The relationship between the angles of Ө2, Ө′2 and Ө″2 is 
described in equation (5-13) according to the rules of solid geometry. In Figure 5-3 (b), 
B′2 is the intersection point of A1A2A3A4 plane and the perpendicular line to this plane 
through B2 point. A23 is the intersection point of A2A3 line segment and its 
perpendicular line that crosses B′2. The distance between the two points B2 and B′2 is 
called h. 
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(a) (b) 
Figure 5-3: The pad base angles. (a): φ2 is the angle between the plane of pad side and vertical plane 
(S2). (b): Ө2 is the angle of B2A2A23. Ө′2 is the angle of B2A2B′2 and Ө″2 is the angle of B2′A2A3.  
2 2 2 2B A S    (5-11) 
2 2 3 2B A A    (5-12) 
1 2
2 2 2 2
2
cos
cos
B A B
cos



       
 
 
(5-13) 
2 2 23 2B A A     (5-14) 
φ2 is the angle between the plane of pad side and vertical plane (S2) according to Figure 
5-3 (a). This value describes the deviation of the side plane of pad in comparison with 
the vertical plane that it is perpendicular to X-Y plane of coordinate system.  
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Figure 5-4: Top view of the base segment. The position of Ө″2 and its relationship with other 
parameters are shown here. a, b, c and d are the dimensions of the pad and print area.  
Figure 5-4 is related to the top view of the base segment to get equations (5-15) and 
(5-16) according to the technical parameters of pad (a, b, c and d). A23B′2 and A2A23 are 
perpendicular line segments. So, l and Ө″2 values are calculated by equations (5-15) and 
(5-16). 
2 2
2 2
2 2
a c b d
A B l
    
      
   
 (5-15) 
1
2 tan
a c
b d
 
 
   
 
 (5-16) 
The parameter of h is the height or value in Z-direction of the coordinates of B1, B2, B3 
and B4. It is explained in equation (5-17) and its parameters are achieved with equations 
(5-13) and (5-15). Finally, the coordinates of B1 till B4 and O′ are described in equations 
(5-18) till (5-22). 
2. tanOO h l     (5-17) 
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 0,0,O h  (5-22) 
So, the coordinates of A1, A2, A3, A4, B1, B2, B3 and B4 as the main coordinates of base 
segment were achieved. 
Arc segment 
The B1B2B3B4 plane described above is an intersection of the base and arc segments. 
The coordinates of B2 and B3 from the arc segment was achieved in base segment. So, 
the following equations describe the procedure to calculate the coordinate of the arc 
segment highest point shown with G2 parameter. 
Equation (5-23) describes the angle φ2 according to Figure 5-3 (a) and equation (5-6). 
So, equation (5-24) is achieved to calculate the value of φ2. In this equation l, Ө″2 and h 
are achieved from equations (5-15), (5-16) and (5-17).  
2 2 2 2 23 2 2B A S A B B     (5-23) 
1
2 2tan (( .sin ) / )l h 
   (5-24) 
Equation (5-25) describes the geometrical position of h2 according to Figure 5-5 (a). So, 
equation (5-26) introduces the coordinate of G2, according to the calculated φ2 in 
equation (5-24). 
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(a) (b) 
Figure 5-5: The essential points of arc (a) and surface segments (b) of the pad. The location of G2, 
D2 and O′′ are clarified. Their coordinates are important to get the surface of the pad. The related 
points and parameters (such as φ2 and h2 in (a) segment) to calculate their coordinates are shown 
here. 
The coordinates of B2, B3 and G2 are related to the arc segments. The coordinates of B2 
and B3 were achieved in base segment. The coordinate of the arc segment highest point 
shown with G2 parameter was calculated in this part.  
Surface segment 
G2 is an intersection point of the arc and surface segments. Its coordinate was calculated 
in arc segment. Further, the coordinate of O′′ from pad surface was explained in 
equation (5-10). So, the coordinate of D2 is calculated here to get the coordinates of the 
main points of the surface segment.  
D2 is located on a circle perimeter in the center of O′ and radius of O′B2. Further, D2 is 
on the same plane with the positions of B1 till B4 and it has a value of h in Z-direction. 
The coordinate of D2 in X-direction is zero because it is located on Y-plane. So, Δ2 is 
the coordinate of D2 in Y-direction. It is equal to the radius of the circle described in 
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equation (5-28). So, equation (5-27) describes D2 coordinate as a function of Δ2 and h 
parameters. 
 2 20, ,D h  (5-27) 
2 2
2 / 2c d    (5-28) 
The pad structure is symmetric. An arc of the pad surface is created through three points 
of O′′, G2 and D2. So, the whole surface of the pad can be achieved with these three 
points. Therefore, three coordinates of O′′, G2 and D2 from equations of (5-10), (5-26) 
and (5-27), are required to get the solid geometry of the pad surface.  
The three regions bounded by pad segments (the base, arc and surface of the pad) lead 
to the possibility of designing the pad geometry. A calculator for rectangular pads was 
designed according to the above equations. It was programmed in LabVIEW (Version 
14). This program contains two parts: the user interface and the program structure. The 
user interface is described here and the program structure is shown in Appendix A2.  
The user interface consists of seven input and output parameters. The output parameters 
are the coordinates of the pad base (A1 till A4 and B1 till B4), the top point of the arc 
segment (G2) and the useful coordinates to construct the pad surface (O′′, G2 and D2). 
φ2 is the angle between two planes of A2A3B2B3 of the pad and the plane perpendicular 
to Y-axis. 
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Figure 5-6: The calculator for rectangular pads. a, b, H, h2, c, d and Ө2 (Theta 2) are input 
parameters. The picture on the right side of the user interface shows graphically the concept of 
parameters. Other values are the outputs of the calculator to design a pad.  
The calculator calculates the coordinates of points needed to draw a pad geometry. 
Then, a user by use of these coordinates and considering the symmetric geometry of pad 
can draw a pad geometry in CAD (Computer Aided Design) software such as NX. In 
this case, the calculator output parameters of Figure 5-6 are applied. The user applies 
eight parameters A1 till A4 and B1 till B4 to define the pad base structure. Then, G2, φ2, 
B2 and B3 parameters are considered to get the arc segment’s geometry. Thereafter, 
three parameters O′′, G2 and D2 are used to draw the pad surface.  
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5.2 New method to design the desired pads 
A method to design the desired pads are presented here. In this method, the designing 
process of pad is divided into four steps. The first step is the calculation of the desired 
pad parameters. Second, the pad is constructed by using CAD software NX 10.0 
according to the calculated parameters. Third step is the production of positive pad 
forms with a stereolithografic 3D printer (Formlabs Form 2, PreForm software for pre-
processing). Then, negative forms (molds) are produced with the help of the positive 
forms. Finally, the silicone rubber is added to the molds and the manufacturing process 
is completed.  
In the following, a practical example of using this method to design the desired pads is 
explained. This example is prepared according to a case study which will be performed 
in chapter 6. In this case study, the pad sharpness effects on displacement of pad surface 
points will be evaluated by simulation of the printing process. So, four pads with 
different sharpnesses (heights) are designed according to this designing method.  
Therefore, in this example, the pad height is changed and other designing parameters 
are considered to be constant to evaluate the pad sharpness in the printing process. The 
height of the pad (H) is increased from pad 1 (44.5 mm) till pad 4 (68.1 mm) shown in 
Figure 5-7. The pad length, pad width, pad angle, print area length, print area width and 
arc height are 73.7 mm, 71.6 mm, 80.4 degree, 65.2 mm, 63.3 mm and 45.2 mm 
respectively which are constant for these pads. Then, the pad designing parameters are 
calculated with programed pad calculator according to the discovered mathematical 
equations of the pad. Afterwards, they are drawn with NX 10.0 software. Figure 5-7 
shows the dimensions of pads which are called pad 1, pad 2, pad 3 and pad 4.  
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Figure 5-7: The designed pads dimensions. Four different pads are designed. Their differences are 
in the pad height, which leads to pad sharpness in the top point. Their behaviors will be evaluated 
in chapter 6 which relates to the simulation of the printing process.       
Figure 5-8 and Figure 5-9 presents the positive form and the final products during the 
production process of pads. A stereolithografic 3D printer (Formlabs Form 2, PreForm 
software for pre-processing) prints the positive forms. They are used to prepare the pad 
molds with a more cost-efficient and innovative method. Then, four different designed 
pad molds are filled with silicone rubber material with four different hardnesses of 3, 6, 
12 and 18 Shore A. In each case three times the same pads are molded. The preparation 
of pad molds and the silicone rubber pads are ordered at Tampo-Technik company. 
These pads are manufactured in the normal and completely similar production process 
same as other common pads on the market.  
 
Figure 5-8: The 3D printed positive forms. They are printed after designing and drawing the 
desired pads.  
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Figure 5-9: The produced silicone rubber pads. The four designed pads are produced with four 
different hardnesses of 3, 6, 12 and 18 Shore A. In each case three times the same pads are molded. 
Totally, 48 pads are produced.  
In a summary, the method of designing a pad was presented in this chapter. In this 
method, for the first time a mathematical method was introduced to design a pad. The 
method of getting the mathematical equations for designing rectangular pads is 
presented as a sample. For other types of pads, the same process can be performed to 
achieve their mathematical equations. In this case, novelty is the use of mathematical 
equations to design the desired pads according to the user’s demands. Another novelty 
in the production procedure is the use of a 3D printer to produce the positive forms. 
Before introducing this method, the production process was expensive because of 
producing the positive forms in a complex procedure with metal (Lück, 2017a). These 
novelties lead to decrease the pad production price and designing a pad with an 
organized and more accurate method. This method is used for designing and 
manufacturing of a pad which was optimized according to printing condition. So, it 
leads to improve the automation level of indirect gravure printing process because of 
optimization of its process.     
Further, totally, 48 pads are produced according to described case study. The pad height 
is changed in this case. Mathematically, the increase in pad height when other 
parameters are constants, will affect directly on the pad sharpness. The effect of the pad 
height on the pad surface displacement will be discussed in simulation results of chapter 
6. They will be used to measure the force-displacement in the printing process for 
comparison of the printing process results with simulation results in chapter 6.   
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6 Simulation of  the pad behavior  
A process simulation is part of the automation execution on a process (Meyer et al, 
2009; Tzafestas, 2010). The automation execution can lead to process optimization 
(Araújo et al, 2018; McClellan, 1997). Therefore, the simulation possibility in the 
indirect gravure printing will be investigated as an improvement in its automation level.  
So in the first part, the general process of simulation is explained and specific 
parameters to simulate the indirect gravure printing are described. In the second part, a 
plan to perform the simulation process is defined. In the third part, the validation of 
simulation is examined and measured. In the fourth part, simulation results are studied. 
They are discussed as a case study with considering the displacement of pad surface 
during the printing process. Finally, an effect of the simulation process to improve the 
automation level of indirect gravure printing will be explained. 
6.1 Simulation process 
To get the mechanical behavior of pad in the printing process, two methods can be 
considered, experimental measurement of mechanical behavior of the pad during the 
printing process or simulating the printing process with investigation of the 
mathematical results of finite element analysis (FEA). The experimental measurements 
of parameters are not cost-efficient because of expensive measurement tools, 
consumable material and work force. So, in this dissertation, the simulation of printing 
process will be used to investigate the mechanical behavior of the silicone rubber pad in 
the indirect gravure printing process. It is explained in (Harish, 2018) that the finite 
element method (FEM) is a numerical technique used to perform FEA for solving 
problems of any physical phenomenon. It is useful for problems with complicated 
geometries and material properties where analytical solutions can not be used.  
The silicone rubber is a hyperelastic material which can be defined by different material 
models described before such as Polynomial, Reduced Polynomial, Ogden and so on. 
Therefore, a simulation software should be selected which is able to support 
hyperelastic material models. In this case, there are different software such as 
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ABAQUS, ADINA, ANSYS, Autodesk Simulation Mechanical, Solidworks Simulation 
and so on. Here, ABAQUS is selected because of supporting more material models 
which are useful for silicone rubber simulation (Huri, 2018).  
A simulation process in finite element method (FEM) software ABAQUS is divided 
into nine segments (Chen, 2016). Figure 6-1 shows these segments.           
 
Figure 6-1: The simulation process of FEM software ABAQUS. The simulation segments (one to 
nine) are presented here. The figure is based on (Chen, 2016). 
“Part” as a simulation segment is a geometry to investigate. Here, there are two parts: 
pad and substrate table. So, their geometries should be defined in the “Part” segment. 
Then, the parts volume is divided into discreate cells in the “Mesh” segment. This 
procedure is called meshing. Afterwards, material and mechanical properties of the 
parts are defined in the “Property” segment. Then, position of parts in the problem is 
determined in the “Assembly” segment. Physical steps of interaction between parts are 
defined in the “Step” segment. Then, interaction situations between parts are adjusted in 
the “Interaction” segment and a loading behavior for parts is described in the “Load” 
segment. “Job” is used to start the simulation calculations. Equations are solved during 
the execution of the “Job” segment. “Visualization” shows the results of simulation 
process. Analysis of the simulation results is possible in this segment.  
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The simulation of the indirect gravure printing process is performed with FEM software 
ABAQUS version 6.13. The pad and the substrate table are two parts in the simulation 
process. In literature (Wu et al, 2018), the silicone rubber material is simulated with 
mesh element type of C3D8RH. In this case, the experiment results and simulation 
results are in a good agreement with maximum error of less than 10%. So, the mesh 
element type C3D8RH is selected. It describes an eight node linear brick, hybrid, 
constant pressure, reduced integration, hourglass control mesh element for all elements. 
Further, in this case, a fine element size of 3 mm is selected to define the mesh’s 
density.  
The pad and substrate table materials are isotropic. It means their material properties in 
all directions are identical. The pad material is silicone rubber as a hyperelastic material. 
Here, the silicone rubber material with hardnesses of 3, 6, 12 and 18 Shore A were used. 
The material specifications of silicone rubber with these hardnesses were described in 
chapter 4. The substrate table material is steel C45 with Young’s Modulus of 2.1E11 Pa 
and poisson’s ratio of 0.3.  
In the simulation process of the hyperelastic materials, the material model definition is 
the most important parameter. As the simulation model verification, the different 
material models were compared in chapter 4.4 and the fitted model with material test 
results was selected. The R-squared between the model and material test results for each 
hardness of silicone rubber was reported in chapter 4.  
So, according to chapter 4.4, the polynomial order 2 model is selected as a strain energy 
potential model of material. The poisson’s ratio values for silicone rubber with different 
hardnesses are selected according to the calculated values in Table 4-5.  
6.2 Simulation plan 
A plan can be designed to get a simulation goal. The simulation plan consists of 
different issues such as parameters, nodes, models and others which are investigated in 
the simulation results to get the goal. 
The simulation results are useful to study effective parameters during the printing 
process. So, one possibility to simulate the indirect gravure printing process will be 
investigated in this chapter.  
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Figure 6-2 shows some cells and points on the pad surface which are called elements 
and nodes in the simulation results. They are produced after the meshing of the pad in 
the simulation process. Each point on the pad surface has a displacement in a 3D 
coordinate system during applying pressure on the substrate. The displacement can be 
described in XYZ Cartesian coordinate system.  
The pad moves in Z-direction. A displacement in X-direction and Y-direction is 
occurred when the pad surface points have a contact with the substrate.  
In the printing process, the pad surface transfers a 2D image on XY-plane of the 
substrate surface. So, a displacement of the pad surface points in X and Y directions 
affects on printing results distortion. The positions of pad surface points in X and Y 
directions before having a contact with the substrate are called initial positions or 
original positions in X and Y directions. During a pressing of the pad on the substrate, 
the surface points of the pad have a movement in comparison with their original 
position which is called pad displacement in X and Y directions.  
So, as a case study a displacement of the pad surface during the printing process will be 
studied. A pad displacement depends on a force of the pad to the substrate which is 
called printing force. In this case study, the printing force for pad displacement is 
considered 100 N, because this is a typical value supported by four different pads of 
Figure 6-3 with four different hardnesses.   
  
(a) (b) 
Figure 6-2: The pad surface points for an undeformed pad (a) and the deformed pad under 
pressing (b) are shown. An arc between the pad tip and pad side is displayed here. Some points on 
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this path were numbered from 0 to 8 as an example. These points are some nodes in the simulation 
process with FEM software ABAQUS. 
Further, the pad surface has a circular symmetric shape around Z-axis. The pad tip is 
located in the center of Z-axis. So, the displacement of the pad surface points located on 
a circle with the same radius from Z-axis (as a center of this circle), are similar to each 
other. So, the displacement behavior of the pad surface points located on an arc between 
the pad tip and a pad edge, can be a suitable sample to investigate the points 
displacement on the pad surface. Therefore, in this study, the displacement of points 
located on this arc will be investigated as a representative of the pad surface points.  
Figure 6-2 shows eight points which are located on an arc between the pad tip and the 
pad edge as an example. The displacement of the pad surface in this area will be 
discussed in the simulation results of this chapter.   
In addition, the pad displacement depends on the pad geometry and pad hardnesses. So, 
to evaluate this issue, four different pads and four different hardnesses are investigated. 
The pads with different geometries are called pad 1, pad 2, pad 3 and pad 4 which were 
shown in Figure 5-7 and their designing method was described in chapter 5.2. The 
equations in chapter 5.1 describe the designing parameters of a pad. In this case study, 
an effect of the pad height on the pad surface displacement is investigated. So, the pad 
height is considered as a variable and other designing parameters are considered 
constant. Figure 6-3 shows four different pads and related heights in a comparative 
view. According to Figure 6-3, changing of the pad height leads to pad sharpness 
changes. In this figure, the tip of the pad with H4 is sharper than other pads with smaller 
heights. For pads with different geometries, it is expected that points on the pad surface 
indicate different displacements during pressing.     
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Figure 6-3: The comparative view of four different pads. H1, H2, H3 and H4 are the heights of pad 
1, pad 2, pad 3 and pad 4 with amounts of 44.5, 52.5, 60.2 and 68.1 mm, respectively. Other 
parameters and single view of these pads were described in chapter 5.2.     
The pad gets the ink from printing form cells and then transfers the ink to the substrate. 
The printed image in the indirect gravure printing method is made of small printed dots 
positioned together. The displacement of the pad surface in X and Y direction will 
affect displacement and deformation of printed dots’ frame which can lead to a decrease 
in the printing results quality. In addition, the printed dots on a circle with the same 
radius from the center of the pad (pad tip) show the same displacement because of 
circular symmetry of the pad surface.  
Therefore, X and Y Cartesian coordinate system is converted to Polar coordinate 
system. In a Polar coordinate system, the results are presented with a radius (R) which is 
a distance from a reference point and an angle (Theta) which is an angle from the 
reference direction. Here, the reference point is the pad tip, which is the contact point of 
X and Y axes. The reference direction is X-axis direction. So, in simulation results of 
this chapter, the results are presented with polar variables of R and Theta. R is a 
distance from the pad tip with the unit of millimeter (mm) and Theta is an angle from 
X-axis with the unit of degree which is shown with deg or °. Figure 6-4 shows 
schematically a concept of R and Theta variables.  
Simulation of the pad behavior 
 
115 
 
 
Figure 6-4: The schematic of pad surface points in a Polar coordinate system. The green and red 
points are located on circles with a radius of R1 and R2 from the pad center, respectively. Theta is 
an angle of each point from X-axis. The white point in the center is the pad center.  The points with 
“X” markers which are located in the downward direction of the pad center, are a projection of 
pad surface points onto XY-plane.  
In Figure 6-4, some points are marked in two circular positions on the pad surface with 
red and green colors. Their projections are displayed on the substrate surface with “X” 
markers and with the same color of the points on the pad surface. The distance between 
the projection of points and pad center is displayed with R.       
6.3 Simulation validation 
A comparison between simulation results and experiments is performed to validate the 
simulation results. In this case, the ability of the developed indirect gravure printing 
machine described in chapter 2.3, is considered to measure the printing force and pad 
displacement during a printing process.  
Here, four different pad models of pad 1, pad 2, pad 3 and pad 4 with four different 
hardnesses of 3, 6, 12 and 18 Shore A are used in the experiments. They were produced 
according to the method described in chapter 5.2. For each pad model with a unique 
hardness such as pad 2 with hardness of 3 Shore A, three similar pads were produced. In 
total there are 48 pads for a test process execution.  
The pad behavior during a printing process under pressure is tested. Force changes and 
pad displacement in Z-direction is measured during this test. Each test is repeated three 
times to increase the measurement certainty of the machine and measurement devices. 
The same test procedure is performed for three pads with the same model and the same 
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hardness to consider the possibility of measurement error because of the pad material or 
the pad production process. For example, nine tests with same procedure is performed 
for a pad with model pad 2 and hardness of 3 Shore A. Then, an average and a deviation 
between these nine test results (experiments) are calculated. Figure 6-5 shows average, 
minimum and maximum curves of nine tests (experiments) which were performed in 
the same procedure on a pad with model of pad 2 and hardness of 3 Shore A. It presents 
the force values in comparison with pad displacement in Z-direction during a pad 
pressing on the substrate in the indirect gravure printing process. 
All tests are executed in the same air-conditioned laboratory where the material tests 
were performed (see chapter 4.2.1). Totally, 144 experiments are executed under the 
described conditions.  
 
Figure 6-5: The force (F) versus the pad displacement (Z) during the pressing of the pad on the 
substrate for pad 2 with hardness of 3 Shore A is shown here. The black, red and violet colors 
present the average (Exp.), minimum (Exp._Min), maximum (Exp._Max) of experiment results. 
The green color displays simulation (Sim.) result. 
Further, the simulation result is displayed in Figure 6-5. It is compared with average 
values of force achieved in the experiments to validate the simulation result. The 
comparison shows that the simulation result and the result of the experiments are 
matched with each other in a highly accurate condition with R-squared of 0.985. R-
squared is the coefficient of determination. In this case, a more appropriate fitting 
between the simulation result and experiments is achieved while R-squared value is near 
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to one. Figure 6-6 shows the simulation results and experiments in different cases which 
will be discussed in this dissertation. It presents the force values in comparison with pad 
displacement in Z-direction during a pad pressing on the substrate in the indirect 
gravure printing process. Black, red, green and blue colors represent the pad models of 
pad 1, pad 2, pad 3 and pad 4. “Δ”, “*”, “□” and “x” markers on the curves represent the 
pad hardnesses of 3, 6, 12 and 18 Shore A. Solid and dashed lines indicate the 
experiments and simulation results, respectively.       
 
Figure 6-6: The pad force versus pad displacement in Z-direction is presented on the curves. Here, 
the simulation results with solid lines are compared with the experiments with dashed lines. The 
hardnesses of 3, 6, 12 and 18 Shore A are displayed by “Δ”, “*”, “□” and “x”, respectively. Pad 1, 
pad 2, pad 3 and pad 4 are shown by black, red, green and blue colors, respectively.  
According to Figure 6-6, the deviation between the curves of experiments and 
simulation results in the pads with model pad 1 is more than other models. The 
differences between the simulation results and experiments in pad model 4 with 
hardness of 12 Shore A is the smallest amount and they are fitted with each other.      
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Table 6-1 shows the fitting between the simulation results and experiments with R-
squared parameter. It is the coefficient of determination. This parameter was described 
in chapter 4.4 and it is calculated by equations (4-5), (4-6) and (4-7). Table 6-1 structure 
was designed to make an easier comparison between different pad models and pad 
hardnesses. In the table, the quantitative parameters are described in a matrix format 
which each value is related to a special pad hardness and pad model. Columns and rows 
are related to pad hardnesses and pad model, respectively. 
In Table 6-1, R-squared value describes how well the simulation results fit the 
experiments in each case. The value which is nearer to one, shows more fitting between 
simulation results and experiments. This is a quantitative parameter to describe the 
validation of simulation results.  
For example, R-squared is 0.995 in the case of pad 4 with hardness of 12 Shore A. In 
this case, the simulation results can be considered nearly the same as experiments which 
were performed with this pad during the printing process. Oppositely, R-squared of 
0.350 in the case of pad 1 with hardness of 12, shows a non suitable similarity between 
the simulation results and experiments. 
Table 6-1: The accuracy of fit of simulation results with experiments in force-displacement 
behavior of pads is abstracted here. The R-squared is the coefficient of determination. They are 
related to pad 1, pad 2, pad 3 and pad 4 with hardnesses of 3, 6, 12 and 18 Shore A. 
R-squared 3 Shore A 6 Shore A 12 Shore A 18 Shore A 
Pad 1 0.9432 0.7865 0.3507 0.5191 
Pad 2 0.9852 0.9791 0.7978 0.8094 
Pad 3 0.9864 0.9749 0.9321 0.8988 
Pad 4 0.8527 0.9077 0.9951 0.9637 
The validation of simulation results was evaluated according to Figure 6-6 and Table 
6-1. In this case, the simulation results of the two cases between 16 different cases are 
not as accurate as others and their R-squared is less than 0.79. They are pad 1 with 
hardnesses of 12 and 18 Shore A. In other cases, there is a high similarity between the 
simulation results and experiments. In pad 4 with hardness of 12 Shore A, R-squared 
value is in the highest value of 0.99. The results of pad 1 are not accurate because of 
special geometry of the pad. In this case, the pad was designed to observe its behavior 
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with minimum possible height. In real case, this geometry never will be used in the 
printing process. So, it is validated that the simulation represents the real pads behavior.  
6.4 Simulation results discussion 
As described in chapter 6.2, a point on the pad surface is defined by R and Theta 
parameters. R is a distance (radius) from the tip point of the pad and Theta is the angle 
from X-axis. In Figure 6-8, generally there are two types of figures. The figures which 
are related to R_d as a pad displacement amplitude and the figures which are related to 
Theta_d as a pad displacement angle. They are displayed in Figure 6-7. The pad 
displacement amplitude shows the displacement magnitude of a point on the pad surface 
after pad pressing with 100 N in the indirect gravure printing process. The pad 
displacement angle shows the angular changes of a point on the pad surface after 
pressing the pad with a force of 100 N in comparison to the original angle. The 
horizontal axis in these figures is R_o. It is related to the original (before displacement) 
position of the points. This position is the amplitude of the pad points selected from the 
tip of the pad to the pad angle, before having a contact of the pad with the substrate. The 
original angle Theta_o of these points is 44 deg. Shortly, the points on the pad surface 
are projected on a two dimensional plane which is parallel to XY-plane of the 
coordinate system and it passes through the pad tip. 
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Figure 6-7: The concept of R_o, Theta_o, R_d and Theta_d parameters. The white point is a point 
on the pad surface.  The point with “X” marker is a projection of pad surface point onto XY-plane. 
The yellow point is the position of pad surface point onto XY-plane after printing.    
Figure 6-8 shows the amplitude and angle displacements versus the original position of 
the points on the pad surface on a defined path. The path starting point is the pad tip. 
The last point of the path is located on the pad edge. Each figure relates to a special pad 
geometry with four different hardnesses of 3, 6, 12 and 18 Shore A.   
Figure 6-8 (a) and (b) is related to the simulation results of pad 1 with a height of 
44.5 mm which was shown in Figure 5-7. The surface of this pad is flat. The use of a 
flat surface in a printing process is unusual. It is selected as a minimum height to 
complete the range of changes in the pad height. Its surface geometry leads to a 
maximum R_o 30 mm while it is 45 mm for pad 2, pad 3 and pad 4. In Figure 6-8 (a), 
an increase in displacement amplitude (R_d) is observed with increase of distance from 
the pad tip (R_o). The range of R_d as displacement in pad 1 in comparison with other 
pads is very small. The maximum displacement is 0.007 mm, because of its flat 
geometry. So, the amplitude of displacement in this case can be ignored. The 
displacement angle in Figure 6-8 (b) shows a large amount of variation in angle values 
in pad 1 with hardness of 3 Shore A. For pads with model pad 1 and different 
hardnesses, the angle changes are increased for the points of the pad that are located at a 
distance of more than 15 mm from the pad tip point.  
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Figure 6-8 (c) and (d) are related to the simulation results of pad 2 with a height of 
52.5 mm. The pad geometry was shown in Figure 5-7. Figure 6-8 (c) shows an increase 
in the displacement amplitude with an increase in the distance from the pad tip. Also, 
the enhance of pad hardness leads to a decrease of the pad displacement in pad 2. The 
effect of pad hardness on displacement amplitude is more sensible in the pad surface 
area which its distance is more than 20 mm from the pad tip. In this case, the printing 
results with the use of a harder pad such as 18 Shore A, is deformed less than the 
printing results of a softer pad such as 3 Shore A. The pad with hardness of 3 Shore A 
as a soft pad shows more changes in displacement angle while pads with other 
hardnesses don’t show major changes. The maximum displacement angle is 5 deg. So, 
the effect of the displacement angle (Theta) is small and can be ignored in the pad 2 and 
other pads with similar geometry. 
Figure 6-8 (e) and (f) is related to the simulation results of pad 3 with a height of 
60.2 mm which was shown in Figure 5-7. Figure 6-8 (e) shows a growth of 
displacement amplitude with an enhancement of the distance from the pad tip. The 
growth of pad hardness, reduces the amplitude of displacement and it leads to less 
deformation of print results. In Figure 6-8 (f), an increase in the displacement angle of 
pad with 3 Shore A hardness is observed. There is a maximum angle change of 15 deg 
in a small area of pad surface for pad 3 with other hardnesses. For other areas on the pad 
surface, there is not a large amount of changes in the displacement angle. So, the 
amplitude of the displacement is more effective on deformation of printing results in 
comparison with displacement angle. According to the curves of displacement 
amplitude for different hardnesses, it can be concluded that printing with a harder pad in 
the model of pad 3 shows less deformation in printing results.  
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(g) (h) 
Figure 6-8: The displacement amplitude of pad 1 (a), pad 2 (c), pad 3 (e) and pad 4 (g) and the 
displacement angle of pad 1 (b), pad 2 (d), pad 3 (f) and pad 4 (h) are shown here. The black, pink, 
turquoise and green lines are related to the pads with hardness of 3, 6, 12 and 18 Shore A, 
respectively. The horizontal axis relates to the original position R_o of the points. It is the distance 
between a point on the pad surface and pad tip projected on XY-plane. R_d is the displacement in 
amplitude during pressing the pad with 100 N and Theta_d is the displacement in angle during 
pressing the pad with 100 N. The height of each pad is mentioned after “H” in the legend with a 
unit of mm. 
Figure 6-8 (g) and (h) are related to the simulation results of pad 4 with a height of 
68.1 mm which was shown in Figure 5-7. Pad 4 is the highest and sharpest one of the 
pads described. Figure 6-8 (g) shows the displacement amplitude of pad 4 with 3, 6, 12 
and 18 Shore A hardnesses. Figure 6-8 (h) displays the displacement angle of this case. 
Here, on the one hand there are more changes in displacement angle of pad 4 with 
hardness of 3 Shore  A in comparison with other hardnesses, but on the other hand the 
displacement amplitude R_d with the same R_o values presents less changes in R_d 
values for pad 4 with hardness of 3 Shore A. It is interpreted as more angular 
displacement in comparison with radial displacement. This behavior happens in this 
case because of high sharpness in geometry and softness in material of pad which leads 
to more freedom for angular displacement.       
To sum this up, the pad surface displacement is an important issue because the 
magnitude of displacement of pad surface points effects on the dimensions of the 
printed dot and the angle of displacement deflects the printed dot position.  
According to simulation results, it can be concluded that the displacement of the pads in 
an area near to the pad tip is smaller than in other parts. Generally, the displacement in 
harder pads is less than in softer pads. The simulation results help to detect the suitable 
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printing area in different pads to get the printed dots with less deformation and 
deflection.  
6.5 Improvement of automation level 
The automation levels were described in chapter 2.1.3. The automation level of 
conventional indirect gravure printing processes is located at level 1. Part of the 
improvement in the automation level of indirect gravure printing process was presented 
in chapter 3.5. Here, the effect and the condition of the process simulation to improve 
the automation level of this printing process are described. 
Computer aided engineering (CAE), computer aided manufacturing (CAM) and 
computer aided flow planning are part of automation level 3 (Meyer et al, 2009). 
According to (Meyer et al, 2009), CAE consists of all possibilities of computer support 
in the development of a product. So, a modeling of product and a simulation of the 
production process are basis to use the results in CAE. Further, the simulation of work 
steps can be considered as basic knowledge to perform the work planning in CAM. So, 
the simulation of production process leads to achieve the automation level 3.       
According to chapter 2.1.3 and Figure 2-5, the automation level 3 is related to 
optimization of production processes. The manufacturing execution system (MES) is 
located at this level. MES leads to improve a production output with optimization of 
current conditions in a production process (McClellan, 1997). Here, the production 
process is the process of indirect gravure printing that should be optimized. So, in order 
to improve the automation level of indirect gravure printing process, printing conditions 
should be optimized in different cases.        
Figure 6-9 shows an optimization process for each printing case in an indirect gravure 
printing process. Here, each printing case is considered as a problem with variables of 
the printing conditions that should be optimized. The different parts to solve this 
problem are described in the following.  
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Figure 6-9: The optimization of printing process with use of simulation. Each arrow direction 
shows a sequence to next optimization step.  
In each problem, there are some assumptions. Here, the assumptions of the problem are 
related to the printing case situation such as motif size, available pads for printing and 
so on. The optimization process is performed with simulation of the printing process. 
The simulation is executed in the method described in this chapter. According to the 
assumptions, different simulation plans can be executed. So, there are different 
simulation results. According to the results of different simulation plans, the most 
appropriate simulation plan will be selected. In this case, the appropriate simulation 
plan is one of the plans with minimum displacement in amplitude and angle. Then, the 
optimized printing conditions can be achieved according to the results of the selected 
simulation plan.  
The optimized printing conditions are the adjustable parts of printing process which can 
be set according to problem solution. In this case, the printing conditions are divided 
into printing parameters and pad parameters. The printing parameters relate to the 
printing machine set points such as printing speed, pad displacement, printing force and 
so on. The relevant pad parameters are pad geometry and pad hardness.  
So, the optimized printing parameters and pad parameters vary according to the 
assumptions in each printing case. These optimized parameters are the parameters of 
printing and pad which lead to the appropriate simulation plan described above.  
For example, there is a motif with a maximum size of 8 mm. It should be printed on a 
flat substrate and the substrate withstanding force of 100 N. This is a printing case 
which printing conditions should be optimized according to this case. The optimization 
process is described in the following.  
As a note, according to the expert’s experiments the position of a motif should be 
located on a side of a pad and the center of the pad should not have a contact with motif 
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area. In this case, the position of printing area (motif) is considered from 2 mm to 
10 mm from the original position R_o while R_o of the pad center is 0 mm. So, the 
farthest point of the motif is located in a radius of 10 mm from the pad center. 
According to the simulation results in Figure 6-8 (a, c, e and g), the displacement 
amplitude is less in pad 2 with hardnesses of 3, 6, 12 and 18 Shore A and pad 3 with 
hardnesses of 6, 12 and 18 Shore A compare to others. Then, according to Figure 6-8 (d 
and f), the displacement angle in pad 2 with hardness of 3 Shore A and pad 3 with 
hardness of 12 Shore A are high and because of that not suitable. So, in this case, the 
pad geometry and hardness can be selected between pad 2 with hardnesses of 6, 12 and 
18 Shore A and pad 3 with hardnesses of 6 and 18 Shore A. According to Figure 6-6 
and Table 6-1, pad 2 with hardness of 6 Shore A is selected because of more accurate 
fitting between the simulation results and experiments with R-squared of 0.979. 
Therefore, the pad parameters are properly selected for this case.  
Then, according to the printing force of 100 N and Figure 6-6, pad 2 with hardness of 
6 Shore A should move 8.5 mm in Z-direction. This is a printing parameter. This value 
as a set point is entered into the printing position field of SP_UI of the developed 
indirect gravure printing machine described in chapter 2.3.   
So, the printing process can be optimized for different printing cases with the help of 
the simulation. Therefore, the automation level 3 for the indirect gravure printing is 
achieved by the use of the methods shown in this study.   
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7 Conclusion and Outlook 
Conclusion 
The main goal of this dissertation is the improvement in the automation level of the 
indirect gravure printing process with a focus on the mechanical characteristics of the 
silicone rubber pads. According to above goal, two main actions are presented in this 
dissertation. They are machine structure development and simulation of the printing 
process. A conclusion of these actions and their effects on the automation level is given 
in the following.  
First, an indirect gravure printing machine structure is developed with the goal of highly 
accurate data measurement, processing and controlling with a high speed data 
transferring. So, some developments are applied such as use of a force sensor, National 
Instrument CompactRio hardware and Kollmorgen servo drives over EtherCAT data 
transferring protocol. The purpose of this development is the measurement and control 
of the effective parameters during the printing process. In this case, the printing 
velocity, the printing position, printing time and printing force are measured and can be 
controlled online. They are effective parameters that are related to the role of the pad 
during the printing process. The developed indirect gravure printing machine explained 
here is able to monitor online the printing process and printing parameters. It displays 
these parameters online on the user interface of the machine. So, it leads to achieve the 
automation level 2 in the process. In addition, saving and reuse of printing parameters 
for next times, according to feedbacks of the monitored data, are possible. Also, the user 
is able to store, handle and trace data with the use of DIAdem. These important 
improvements can establish the basis of an information management system for the 
indirect gravure printing. So, these developments lead to the improvement of the 
automation level of indirect gravure printing to level 3. 
Second, in order to perform the simulation of the indirect gravure printing process the 
silicone rubber pad material model and the geometry of the pad are essential issues that 
should be considered.  
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The silicone rubber material model is achieved by execution of different mechanical 
tests which are described under the chapter of silicone rubber characteristics. In this 
dissertation, the uniaxial tensile, compression and planar tests are performed in an air-
conditioned laboratory with a high accurate test condition according to the related 
standards. The test specimens are produced with the same material and by the producer 
of the pads. The hardnesses of test specimens are 3, 6, 12 and 18 Shore A. The test 
results of these test specimens led to achieve the hyperelastic material model of the 
silicone rubber pads to use in the simulation process. 
In this dissertation a mathematical method to calculate the rectangular pad dimensions 
is presented for the first time. According to these equations, a calculator is programed 
by LabVIEW to calculate the geometrical parameters of pads. After using this calculator 
to get the parameters for the designing of pads, four different pads are designed. These 
pads are designed with four different heights while other parameters are considered the 
same to check the height effect on the displacement of the pad surface. The designed 
pads are designed in CAD (Computer Aided Design) software such as NX to get the pad 
geometry. Then, it is considered as a part to get transferred into the FEM software 
ABAQUS to execute the simulation process. Further, the pad geometries are used to 
prepare the pad molds. In this dissertation, a cost-efficient method to produce the pad 
molds by use of stereolithografic 3D printer is presented for the first time. 
A method to perform a simulation of the printing process is described in the last 
chapter. Further, the validation of simulation results for different pads is evaluated. 
There are different parameters of a pad that effects on printing process results. As a case 
study, the effects of pad height and pad hardnesses on the displacement of pad surface 
are examined in simulation results of the last chapter. The results show that different 
positions on the pad surface have different amounts of displacements. Further, these 
values vary for different shape of pads and different hardnesses of pads. So, pad 
parameters should be optimized according to printing case. In this case, the simulation 
process of indirect gravure printing is executed and the effect of different pads on 
printing process is evaluated. Afterwards, the pad with most suitable results is selected 
and its mold can be prepared with e.g. a stereolithografic 3D printer. So, a unique pad 
according to a certain printing case is produced. Also, the related printing parameters 
such as pad speed, pad position and printing time can be achieved from the simulation 
results. These parameters are set in the indirect gravure printing machine developed in 
this dissertation. So, the printing process is optimized. To sum up, the printing process 
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can be optimized for different printing cases with the help of the simulation and 
designing of appropriate pad. So, the indirect gravure printing machine can be 
developed according to these conditions. Further, manufacturing execution system 
(MES), as part of the automation level 3, is a system which improves a production 
output with optimization of current conditions in a production process. Here, the 
production process is the process of indirect gravure printing that is optimized. These 
optimizations can be considered as basic knowledge to be integrated with MES. 
Therefore, the automation level 3 for the indirect gravure printing can be achieved in 
this study. It should be considered that mixing of process simulation and pad designing 
abilities in addition to developed indirect gravure printing machine lead to a complete 
optimization of the printing process. The method to achieve these abilities is described 
in this dissertation. Further, computer aided engineering (CAE) consists of all 
possibilities of computer support in the development of a product and it is part of 
automation level 3. So, a modeling of product and a simulation of the production 
process are basic knowledges to be integrated with CAE at level 3. 
According to the outcomes of this dissertation the objective questions are answered in 
the following. 
Is it practicable to improve the automation level of indirect gravure printing in the 
described direction? Yes, it is practicable to improve its automation level. It is improved 
from a basic level to level 3. It is achieved according to the basis of developments 
gained in different chapters of this dissertation. 
Is it possible to investigate the mechanical behavior of pad in the printing process? Yes, 
the investigation of its behavior is possible with simulation of the mechanical behavior 
of the pad in the printing process. It is explained in chapter 6 of this dissertation.  
What are the mechanical characteristics of the material of the pad (silicone rubber)? The 
mechanical characteristics of silicone rubber pad for different hardnesses are described 
in chapter 4. The hyperelastic material model is considered and the parameters of the 
model are achieved with execution of different tests. Finally, this model is used to 
simulate the process. 
What is the geometry of the pad? Or how should the pad geometry and model be 
designed? For the first time, a method to design the geometry of the pad is introduced in 
this dissertation. In chapter 5, the calculation and designing method of rectangular pads 
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are described. These are applied to design pads with the rectangular geometries to use in 
the simulation process.    
The scientific impact of this work is shortly described as follows. The development of 
indirect gravure printing machine structure, realization of the pad designing method, 
detecting a cost-efficient method for the preparation of pad molds with the use of the 
stereolithografic 3D printer and simulation of the printing process lead to improve the 
automation level of indirect gravure printing from level 1 (before this dissertation) to 
level 3.     
Outlook 
This scientific investigation gives the basis for level 3 but there are further subjects at 
this level which can be performed. They are described as follows. The method of 
designing a pad described in this dissertation can be applied to formulate other 
geometries of the pads such as saddle, round and so on. The possibility of increment of 
accuracy in some simulation results such as pad 1 with 12 and 18 Shore A can be 
investigated. Going from objects with flat surfaces to more uneven surfaces to 
investigate the pad behavior in the printing process can be evaluated. These subjects are 
interesting issues at this level for further researches.    
Recently, new pads called hollow pads are presented to the market. There is a hole in 
the middle of those pads which cause the occurrence of a different mechanical behavior 
in the printing process. The simulation and evaluation of their mechanical behavior can 
be presented as a future work. 
There is one type of anti-electrostatic silicone rubber pads which are used to decrease 
the hair effect defects in printing quality. The evaluation of this material and getting its 
material model is a useful research subject, to optimize this technique further. 
Research on silicone rubber material with a wider range of hardnesses such as 1 Shore 
A until 30 Shore A, with steps of 2 Shore A is an interesting subject. Then, a statistical 
comparison between their tensile, compression and planar test results should be 
executed. So, a mathematical relationship between the silicone rubber hardness and 
related test results could be detected. This task is useful to predict the material 
parameters of silicone rubber for different hardnesses according to mathematical 
calculations. 
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Appendix 
A1. Comparison of different hyperelastic material models of 6, 12 and 18 
Shore A silicone rubber  
 
 
Figure A-1: The different hyperelastic material models in comparison with the uniaxial tensile 
experiment results of 6 Shore A silicone rubber. The stress-strain behavior of different models and 
related curves in uniaxial tensile behavior are described here. The black solid line is related to 
uniaxial tensile test results of 6 Shore A. The dashed lines describe different model results. The 
Poly_N2 (red dashed line) is the nearest model to experiment results, in this case. 
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Figure A-2: The different hyperelastic material models in comparison with the compression test 
results of 6 Shore A silicone rubber. The stress-strain behavior of different models and related 
curves in compression behavior are described here. The black solid line is related to uniaxial 
compression test results of 6 Shore A. The dashed lines describe different model results. The 
Poly_N2 (red dashed line) is the nearest model to experiment results, in this case. 
 
Appendix 
 
143 
 
 
Figure A-3: The uniaxial tensile test results and the hyperelastic material models of 12 Shore A 
silicone rubber. The stress-strain behavior of different models and related curves in uniaxial tensile 
behavior are described here. The black solid line is related to uniaxial tensile test results of 12 
Shore A. The dashed lines describe different model results. The Poly_N2 (red dashed line) is the 
nearest model to experiment results, in this case. 
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Figure A-4: The different hyperelastic material models in comparison with the compression test 
results of 12 Shore A. The stress-strain behavior of different models and related curves in 
compression behavior are described here. The black solid line is related to compression test results 
of 12 Shore A. The dashed lines describe different model results. The Poly_N2 (red dashed line) is 
the nearest model to experiment results, in this case. 
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Figure A-5: The different hyperelastic material models and the uniaxial tensile experiment results 
of 18 Shore A silicone rubber. The stress-strain behavior of different models and test results in 
tension status are described here. The black solid line is related to uniaxial tensile test results of 18 
Shore A. The dashed lines describe different model results. The Poly_N2 (red dashed line) is the 
nearest model to experiment results, in this case. 
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Figure A-6: The different hyperelastic material models and the compression test results of 18 Shore 
A silicone rubber. The stress-strain behavior of different models and test results in compression 
position are described here.The compression test results of 18 Shore A is shown with a black solid 
line. The dashed lines describe different model results. The Poly_N2 (red dashed line) is the nearest 
model to experiment results, in this case. 
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A2. Pad calculator program structure 
 
 
